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FORTHCOMING MEETINGS 


MONDAY, 8TH MARCH, AT 6p.m. The last of three CANTOR LECTURES on 
‘Safety in Transport’, entitled ‘Safety on the Railways’, by Lieut.-Colonel 
G. R. S. Wilson, C.B.E., R.E. (Retd.), Chief Inspecting Officer of Railways, 
Ministry of Transport and Civil Aviation. The lecture will be illustrated with 
lantern slides. 

WEDNESDAY, IOTH MARCH, AT 2.30 p.m. THOMAS GRAY MEMORIAL LECTURE. 
‘Safety in Ships’, by Captain J. P. Thomson, O.B.E., a Warden, and Chairman 
of the Technical Committee, Honourable Company of Master Mariners. Captain 
L. G. Garbett, C.B.E., R.N. (Retd.), Chairman of the Thomas Gray Memorial 
Trust Committee, will preside. 

THURSDAY, II1TH MARCH, AT 5.15 p.m. COMMONWEALTH SECTION. ‘Mineral 
Resources of the British Commonwealth: Some Recent Developments’, by 
R. W. Willett, M.Sc., F.G.S., Geological Liaison Officer, British Commonwealth 
Scientific Office, London. Professor W. J. Pugh, O.B.E., D.Sc., F.R.S., Director 
of the Geological Survey of Great Britain, will preside. (Tea will be served 
from 4.30 p.m.) 

THURSDAY, IITH MARCH, AT 7.30 p.m. FILM EVENING (See special notice). 

WEDNESDAY, 17TH MARCH, AT 2.30 p.m. TRUEMAN WOOD LECTURE. ‘Recent 
Developments in the Study of the Sense Organs’, by E. D. Adrian, O.M., M.D., 
D.Sc., LL.D., P.R.S., Master of Trinity College, Cambridge. The Right 
Honble. the Earl of Radnor, K.C.V.O., Chairman of Council, will preside. 

MONDAY, 22ND MARCH, AT 3 p.m. INAUGURAL CEREMONY OF THE BICENTENARY 
CELEBRATIONS. Presentation of Congratulatory Addresses by Kindred Societies. 
(Admission is by special tickets, all of which have been allocated). 

TUESDAY, 23RD MARCH, AT 3 p.m. SPECIAL BICENTENARY LECTURE. 
‘The Arts, 1754-1954, by Nikolaus Pevsner, C.B.E., M.A., Ph.D., F.S.A., 
Slade Professor of Fine Art, University of Cambridge. (Admission to this 
lecture is by special tickets only, all of which have been allocated.) 

WEDNESDAY, 24TH MARCH, AT 3 p.m. SPECIAL BICENTENARY LECTURE. 
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‘Manufactures, 1754-1954, by Sir Ben Lockspeiser, K.C.B., F.R.S., § 
Department of Scientific and Industrial Research. (Admission to this 
by special tickets only, all of which have been allocated.) 

THURSDAY, 25TH MARCH, AT 3 p.m. SPECIAL BICENTENAR\ 
‘Commerce, 1754-1954, by Sir Geoffrey Heyworth, Chairman, Uni 
(Admission to this lecture is by special tickets only, all of which 
allocated.) 


FILM EVENING 


The last Film Evening of the present session will be held on ‘J 
11th March, at 7.30 p.m., and the programme, which has been sel 
the Society’s Bicentenary in mind, will consist of the following films 
into History, The Vital Flame, Family Album and three of the ‘Craftsma1 
The Tidemiller, The Wheelwright and The Blacksmith. 


Journey into History (10 minutes) is a Technicolor film produced 
Edgar Anstey for the British Transport Commission, and deals wit! 
in the Society’s early days. While the camera portrays works of the 
and craftsmen of the period (most of them members of the Society), 1 
of the Old Vic Company speak appropriate passages from the literatur 
mid-eighteenth century. The musical score was specially composed 
Arnold Bax. The film will be introduced by the producer. 


The Vital Flame (of which the first 15 minutes only will be shown) was pr 
duced by Mr. John Stewart for the Gas Council. The section of the film choser 
for this programme deals with incidents in the life of William Murdoch (w! 
as it happens, was born in the year in which the Society was founded 


concludes with a reference to Samuel Clegg, who was rewarded by the Society 


in 1808 for his invention of the gas-holder. The film will be introduced 
producer. 

Family Album (30 minutes) is an entirely new film in Technicolor (not 
generally released), produced by Martin Films in association with the Gas Council 
It records the story of succeeding generations of an imaginary family, and wittily 
illustrates the changes of manners and tastes over the past hundred years 
film will be introduced by Mr. John Martin, one of the producers. 


The ’Craftsman’ series, from which three films will be shown—The Tidemiller 
The Wheelwright, and The Blacksmith (15 minutes in all)—were produced | 
Shell to show some of the crafts of England which were the mainsta 
industries two hundred years ago and still survive in some measure to 
The films will be introduced by Mr. Alan Deller, until recently Manager 
Shell Film Unit. 


Tickets of admission are not required, and Fellows are entitled to introduc 
two guests. Light refreshments will be served in the Library afterwards at 
a charge of one shilling a head. 
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JOURNAI 


THE 


ALBERT 


OF THE ROYAL SOCIETY OF ARTS 


MEDAL 


Council are now considering the award of the Albert Medal of the Royal 


iety of Arts for 1954. They therefore invite Fellows of the Society to forward 


Secretary the names of such men of high distinction as they think worthy 
f this honour. The Medal was struck to reward ‘distinguished merit in 


moting the Arts, Manufactures and Commerce’, and has been awarded as 
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15807 


1505 
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1570 
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1553 
1884 
1585 
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1857 
1888 


1539 
1890 
1891 
1592 
1893 


1894 


1595 
1596 
1897 
1898 
1599 


vs in previous years: 


Sir Rowland Hill 

His Imperial Majesty Napoleon III 

Michael Faraday 

Sir W. Fothergill Cooke and Sir 
Charles Wheatstone 

Sir Joseph Whitworth 

Baron Justus von Liebig 

Vicomte Ferdinand de Lesseps 

Sir Henry Cole 

Sir Henry Bessemer 

Michel Eugéne Chevreul 

Sir C. W. Siemens 

Michel Chevalier 

Sir George B. Airy 

Jean Baptiste Dumas 

Sir Wm. G. 
Armstrong 

Sir William Thomson (afterwards 
Lord Kelvin) 

James Prescott Joule 

Prof. August Wilhelm Hofmann 

Louis Pasteur 

Sir Joseph Dalton Hooker 

Captain James Buchanan Eads 

Sir Henry Doulton 

Samuel Cunliffe Lister 
wards Lord Masham) 

HER MAJESTY QUEEN VICTORIA 

Professor Hermann Louis Helm- 
holtz 

John Percy 

Sir William Henry Perkin 

Sir Frederick Abel, Bt. 

Thomas Alva Edison 

Sir John Bennet Lawes, Bt., 
Sir Henry Gilbert 

Sir Joseph 
Lister 

Sir Isaac Lowthian Bell, Bt. 

Professor David Edward Hughes 

George James Simons 

Professor Robert Wilhelm Bunsen 

Sir William Crookes 


(afterwards Lord) 


(after- 


and 


(afterwards Lord) 
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I9Ol 
1902 
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1904 
1905 
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1908 
1909 
1910 
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1913 
1914 


IQI5 
1916 
1917 
1918 
1919 
1920 


1921 
1922 
1923 


1924 
1925 
1926 
1927 
1928 


1929 
1930 
193! 


1932 
1933 
1934 
1935 


Henry Wilde 

HIS MAJESTY KING EDWARD VII 

Professor Alexander Graham Bell 

Sir Charles Hartley 

Walter Crane 

Lord Rayleigh 

Sir Joseph Wilson Swan 

The Earl of Cromer 

Sir James Dewar 

Sir Andrew Noble 

Madame Curie 

The Hon. Sir Charles 
Parsons 

The Right Hon. Lord Strathcona 
and Mount Royal 

HIS MAJESTY KING GEORGE \V 

Senatore 


Augustus 


Algernon 


(afterwards Marchese) 
Guglielmo Marconi 

Sir Joseph John Thomson 

Professor Elias Metchnikoff 

Orville Wright 

Sir Richard Tetley Glazebrook 

Sir Oliver Joseph Lodge 

Professor Albert Abraham 
Michelson 

Sir J. Ambrose Fleming 

Sir Dugald Clerk 

Major-General Sir David Bruce 
and Colonel Sir Ronald Ross 

H.R.H. THE PRINCE OF WALES 

Lieut.-Colonel Sir David Prain 

Professor Paul Sabatier 

Sir Aston Webb 

Sir Ernest (afterwards 
Rutherford 

Sir J. Alfred Ewing 

Professor Henry E. Armstrong 

H.R.H. THE DUKE OF CONNAUGHT 
AND STRATHEARN 

Frank (now Sir Frank) Brangwyn 

Sir William Llewellyn 

Sir Frederick Gowland Hopkins 

Sir Robert A. Hadfield, Bt. 


Lord) 
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1936 The Earl of Derby 1946 

1937. Lord (now Viscount) Nuffield 

1938 HER MAJESTY QUEEN MARY 

1939 Sir Thomas H. Holland 

1940 John A. Milne 

1941 President Franklin D. Roosevelt co fee ; 

1942 Field-Marshal J. C. Smuts 1950 Sir Edward Appleton 

1943 Sir John Russell 1951 HIS MAJESTY KING GEOR 

1944 Sir Henry Tizard 1952 Sir Frank Whittle 

1945 Winston (now Sir Winston) 1953 Dr. E. D. Adrian 
Churchill 


Sir Alexander Fleming 
Howard Florey 

1947 Sir Robert Robinson 

1948 Sir William Reid Dick 

1949 Suir Giles Gilbert Scott 


THE GEORGIAN GROUP 


The Georgian Group, of which the Royal Society of Arts is a co 
member, arranges in the summer months a number of visits to places of histor 
and architectural interest. The places which it is proposed to visit this yea 
Hale Park, Hants (1st May); The Headquarters of the Hon. Artillery ¢ 
and Whitbread’s Brewery, London (29th May); Cottesbrooke Hall and La: 
Hall, Northants (10th July). In addition, there will be two week-end visit 
Warwick (including Wormington Grange and Honington Hall) on 14th May 
and to Norwich (including Felbrigg Hall and Kimberley Hall) on 26th J 

In view of the Society’s association with the Group, a small number of t 
may be made available to Fellows of the Society, subject, of course, 1 
demand from the Group’s own members, and Fellows who are inte: 
should write direct to the Secretary of the Georgian Group at 27 Gros 
Place, London, S.W.1, who will be pleased to supply full details of the visit 


INDEX AND BINDING CASES FOR THE FOURNAI 


The index for Volume cr of the Fournal may be obtained, without char 
together with the title page to the volume for binding purposes, on applicat 
to the Secretary. Binding cases for the complete volume may be obtained like- 
wise, at a cost of 4s. 6d. post free. 


DESPATCH OF FJOURNALS IN ENVELOPES 


Special arrangements for posting Fournals flat in envelopes instead of in the 
usual postal wrappers are made in cases where Fellows require, for subsequent 
binding purposes, that their Fournals should arrive unfolded. Fellows wishing 
to take advantage of this arrangement are asked to notify the Secretary. 


INDUSTRIAL ART BURSARIES COMPETITION 


The report on the 1953 Industrial Art Bursaries Competition, which was to 


have appeared in this issue, will now for reasons of space be published in the 
next issue of the Journal. 
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ALLOYS 


Three Cantor Lectures by 
G. L. BAILEY, C.B.E., M-.Se., 


Director, The British Non-Ferrous Metals Research Association 
LECTURE ONE 


23rd November, 1953 


In presenting a series of lectures on alloys I am following with some trepidation 
the course which Roberts-Austen took early in the century and Rosenhain 
in 1925. So much progress has been made since those lectures in our knowledge 
f alloy theory and of the properties of alloys that to cover the whole field 
would be impossible, and I can only deal, somewhat inadequately, with certain 
sspects of the subject. My main object will be to present in the later lectures 
some of the important uses of alloys to-day, the reasons why the particular 
materials are used for the purposes discussed, and the directions in which the 
metallurgist looks when trying to develop alloys for these particular uses. To 
provide a basis for such a discussion, the first lecture is devoted to a brief 
summary of our present knowledge of alloy theory and of the structure and 
constitution of metals and alloys. Please do not misunderstand this approach. 
t is not suggested that industrial alloys have been chosen from a consideration 
ff alloy theory. They have been used because they have been found by trial 
to possess the properties required for the purpose in hand. The reasons why 
they possess these properties, and the deduction that certain other alloys might, 
on theoretical grounds, be expected to possess similar properties, have generally 
nly become known later. Theory is still a long way behind practice, but it is 
catching up and we are now beginning to understand why certain materials 


have certain properties. 


THE STRUCTURE OF METALS 

The first lecture, in attempting to summarize the basic facts and the available 
theories about alloys, will be mainly concerned with the structure of alloys, 
m which our understanding of their behaviour is based. This summary is 
necessarily incomplete and in some directions greatly over-simplified. Moreover, 
time does not permit any discussion of the experimental methods, such as 
X-ray crystal analysis, by which our knowledge has been acquired. 

The first and basic fact is that metals and alloys consist of aggregates of 
crystals. This has been amply demonstrated by the microscope, first used on 
metals by Robert Hooke in 1665 but clearly established as a metallurgical tool 
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by Sorby in 1849. Fig. 10 shows how the different crystals of which 
of metal is composed can be revealed by polishing and suitable etchin 
crystal consists of atoms arranged in a pattern extended in three dim 
The differences in reflectivity of the crystals shown in Fig. 10 is not 
any differences in internal structure of each, but to differences in the ori 
of each relative to the surface of the specimen. 

The arrangement of the atoms is conveniently described with res; 
a three-dimensional net of straight lines dividing space into equal-siz 
The unit cells of the lattice of any one crystal in a metal are equal in siz 
and orientation, if one neglects for the moment a variety of incidental dist 
which will be discussed later. In the useful metals of engineering the unit 
are of a few well-defined types—-cubic, hexagonal or tetragonal. Th 
structure is by far the commonest in industrial alloys and is further 
into two types, face-centred and body-centred cubic respectively. Tetrag 
crystals are relatively rare and the three main unit cells can be depict 


Body-Centered Face-Centered 
Cubic Cubic 


Figure 1. The principal structures of the metals 


in Fig. 1. Although it would not be true for a great many crystals, in metals 
the atoms normally occupy the lattice points shown as dots in the figure. In 
the face-centred cubic unit there is an atom in the centre of each face and in 
the body-centred cubic there is one in the centre of the cube. The distance 


apart of atoms in the lattice can be measured by X-rays with great precision 
and is of the order of 2 to 5 A depending on the metal (1 { 10° cm. or on 
ten-millionth of a millimeter). If one imagines each of the structures in Fig. 1 


continued indefinitely into space it will be seen that not only has every point 
identical surroundings, but each atom is equidistant in the ideal lattice fr 
twelve near neighbours in the close packed hexagonal and face-centred cubic 
structures, and from eight in the body-centred cubic. 


The structure of the atom 


At this point it is necessary to digress somewhat and mention the structure 
of the atom, because the way atoms of different metals can be associated in one 
lattice depends largely on certain properties of the individual atoms. The internal 
structure of the atom consists of a nucleus containing positively charged protons, 
and neutrons which carry no charge. Each of these is of unit mass and the 


228 





MARCH 1954 ALLOYS 


weight of the atom depends on the numbers of neutrons and protons. The 
leus is of vital importance in the production of energy, but is of no 
ificance in connection with the subject of these lectures except in so far as 
electronic structure of the atom is governed by the charge on the nucleus. 
nucleus dimensions are of the order of 107? cm., but around the nucleus 
| occupying a much larger space, of the order of 10° cm. diameter, circulate 
ctrons, each carrying a negative charge equal in quantity to the positive 
arge on a proton, and since the atom is electrically neutral the number of 
lectrons equals the number of protons in the nucleus. The electrons have 
lifferent energy values and rotate in orbits governed thereby. The number of 
lectrons in any one orbit or shell is governed by the laws of quantum mechanics 
id there can be 2 electrons in the 1 quantum shell and 8 electrons in 
the 2 quantum shell. When these shells are complete they remain as stable 
groups. The 3 and 4 quantum groups have 18 and 32 electrons respectively 
when full, but the important group to us is the outermost shell, the electrons 
of which are known as the valency electrons. Copper for example has 1 valency 
electron in the 4 quantum shell, and this is responsible for its metallic properties. 
In the crystal the atoms are so near together that the valency electrons are no 
longer independent of those in the other atoms. They have a whole range of 
closely spaced energies lying within one or more zones, which are related to the 
crystal structure, and they can drift more or less freely through the crystal. 


The structure of alloys 


Most metals are completely miscible in the liquid state, although there are 

a few systems where, at temperatures just above the melting point of the most 

refractory metal in the system, two immiscible liquid layers are formed similar 

to oil and water except that they generally become mutually soluble as the 

etals 
e. In 


id in 


temperature is increased still further. In these cases solidification occurs in 
each layer separately; on cooling an aluminium-lead alloy, for example, sub- 
stantially pure aluminium first solidifies at approximately the melting point of 


— aluminium and substantially pure lead solidifies at the melting point of lead. 


=~ Such alloy systems have no practical value in the solid state except where, as 
om in the copper-lead system, it is possible to ensure solidification in an intimate 
state of division where particles of soft metal are dispersed throughout a network 
of harder metal giving a structure suitable for bearing purposes. 

There are cases where such immiscibility is useful in other operations—for 
example in the hot dip galvanizing operation: since zinc and lead are only slightly 
miscible at the melting point of zinc it is possible to float a layer of molten 
zinc on a layer of molten lead with some advantage in ease of working and in 
introducing the steel into the zinc layer. Such applications, however, are not 
cture usual and we are concerned in these lectures with alloy systems which are used 
1 one in the solid state. 
ernal Where there is no separation in the liquid prior to solidification the simplest 
tons, condition is the separation of more or less pure crystals of the two or more 


d the constituent metals in juxtaposition. In other cases compounds are formed either 
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with normal valency relationships or what are known as electron comy 
of which more will be said later. 

The important structure in alloys is, however, the solid solution a 
properties of most industrial alloys depend on the properties of solid so 
and, more importantly, on variations in solid solubility with temperatur 


Substitutional solid solutions 


There are two main types of solid solution, substitutional and int 
The first of these is the result of the replacement of certain atoms in the 
of metal A by atoms of metal B. To take one of the simplest possibl: 
copper and nickel are both of face-centred cubic structure and form a conti: 
series of solid solutions in which copper and nickel atoms can be interc! 
at the lattice points in all proportions. The size of unit cube in the nickel | 
is 3-524A and that of copper is 3-615A. As copper is added to nickel th« 
measurement increases progressively, although there is some deviation fro 
law of linearity, which is particularly marked in the case of the contir 
solid solutions of the copper-gold alloys. 

There are not, however, many pairs of metals which form continuous s 
solutions in this way, even when both metals have the same type of stru 
More usually after a certain proportion of solute atoms have been accommodat 
in the lattice it becomes unstable and breaks down locally to form a new 
or a different structure of lower energy content. These variations in stru 
and the consequent variations in properties are of the greatest importa 
the understanding of alloys and it is proposed to discuss them at some lengt 

To refer again to those metals forming continuous series of solid soluti 
these have not only the same structures but also atoms of closely similar s 


Detailed discussions of atomic radii are available but for the purposes of thes 


lectures atom size is regarded only as the distances between nearest atoms i 
elements, that is, the distance they are apart in the basic lattice of th 
metal. The introduction of a large stranger atom into a uniform lattice cat 
be effected if there is an expansion of that lattice to accommodate the strat 
It follows, therefore, that the more room an atom requires the more diff 
is it to substitute that atom for one of a pure metal of smaller atomic si 
a regular lattice, and the more distortion will be caused in the adjacent latt 
sites by that substitution. 

Generalizations concerning solid solubility have been worked out, larg 
by Dr. Hume-Rothery at Oxford, and the first of these concerns this so- 
‘size factor’. The greater the difference in atomic size, other things being « 
the more limited the solubility; the size factor can be regarded as favour 
for the formation of solid solutions when atomic radii differ by less than al 
15 per cent. 

Another rule controlling solubility is the electrochemical factor—a term 
by Hume-Rothery to denote the influence exerted by differences in the elect 
chemical characteristics of two metals. A large difference tends to restrict t 
formation of ‘a wide range of primary solid solutions, and this is simply explair 
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by saying that when there is a high electrochemical factor the two metals tend to 
form a stable compound rather than a primary solid solution. 

. third generalization is that when size factors are favourable wide solid 
solutions are formed most readily when the two metals have the same valency, 
that is, when they have the same number of valency electrons per atom. If the 
solute has more valency electrons than the solvent, the energy states available 
in the outer electron shell are in effect prematurely filled and hence solid solu- 
bility is restricted. This leads to the appearance of an alternative structure. 

When the limit of solid solubility of metal B in metal A is reached, one of 
two things generally happens: either a compound is formed or a second 
phase of structure different from the first. For example, Mg,Si will separate 
from a solution of small amounts of magnesium and silicon in aluminium while 
in the alloys of zinc in copper the addition of more than about 38 per cent of 


zinc—which dissolves in the face-centred cubic structure called alpha brass 


gives rise to a second phase which is of body-centred structure and is called 
the beta phase. The same type of change occurs in alloys of copper, silver or 
gold with a number of other metals such as magnesium, zinc, cadmium, 
aluminium and tin, and the series show remarkable similarities. The copper- 
zinc series for example shows the following sequence of phases with increasing 
zinc content: 

solid solution (face-centred cubic) Cu rich 

phase (body-centred cubic) 

phase (cubic) 

phase (closely packed hexagonal) 

solid solution (closely packed hexagonal) Zn rich. 

These sequences are found in many alloy systems but not at the same 
compositions. For example, the y phase in the copper-zinc system occurs with 
one atom of copper to three of zinc—CuZn,—but is analogous with Cu,Sn in 
the copper-tin system. These are not compounds with normal valency relation- 
ships, like Mg,Si, such as were mentioned earlier, but are called by Hume- 
Rothery ‘electron compounds’. This name is given because he found these 
structurally analogous phases to exist at such compositions in each system as 
have the same ratio of valency electrons to atoms. The § phases have 3 valency 
electrons to 2 atoms, y 21 to 13 and « 7 to 4. Large numbers of these so-called 
electron compounds are known, and their stability can be explained. 

Interstitial solid solutions 

In some cases atoms of small radii are accommodated in the interstices of the 
lattice of a solvent, with resulting expansion of the lattice similar to that arising 
from substitutional solution. This type of solid solution is only seen with small 
solute atoms—mainly carbon, nitrogen, oxygen and hydrogen. The solutions 
of carbon in + iron and of nitrogen in titanium are of this type. 

Superlattices 


In ordinary solid solutions the different kinds of atoms are arranged at random 
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on the atomic positions of the lattice. In an alloy containing equal num 
atoms of two metals, for example, any given lattice point may be o 

indiscriminately by atoms of either metal. In many solid solutions, h 

atoms of one kind will in certain circumstances segregate more or less com 
on one set of positions, leaving the remaining positions to atoms of the oth 
This second condition, which can take place with little or no deformatior 
lattice, is called an ‘ordered’ solid solution or ‘superlattice’. The mai 

tending to convert a disordered to an ordered structure is a fall in temp: 
below a certain critical value. Thus in the beta brasses the change oc 
450-470 C., below which temperature copper and zinc atoms segregate 
cube corners and cube centres respectively. 

An ordered structure has somewhat different properties from ‘hose 
same alloy in a disordered state. The specific heat and electrical resist 
fall, and strength in general tends to increase, but the effects on mechanica 
properties are not large. Magnetic properties are in some cases widely diff 
in the ordered and disordered condition. 


Equilibrium diagrams 


All that has so far been said concerns the structures of metals and alloys at 
any one particular temperature, but industrial alloys frequently acquir« 
useful properties because the structure of an alloy of any one composition char 
with temperature. 

This applies, of course, to some pure metals, the most important of w 
is iron. At room temperatures pure iron has a body-centred cubic structur 
(x iron) which on heating to just over goo’C. changes to face-centred (- 
and back to body-centred cubic (Siron) at about 1400°C. Such ‘allotropi 
changes are uncommon in the pure metals, although they occur in a number 
cases (uranium and titanium, of the better known metals, are examples). 

in many alloys, however, there are changes in solid solubility with temperature 
which are no less important than those which result from allotropic changes 
The metallurgist has consequently had to build up diagrammatic records 
what happens to a series of alloys with changes of composition and temperature, 
and has come to rely heavily on these diagrams in his work. It is proposed to 
illustrate this section with only a few typical diagrams showing the types of 
changes which occur, before going on to discuss the significance of these changes 
in their effects on the properties of the alloys. 

The simplest cases are those in which there is complete miscibility, as in t 
copper-nickel alloys, or there is no solid solubility whatever (theoretically 
extremely unlikely). In the zinc-cadmium alloys (Fig. 2) the solid solubility 
at each end of the system is small (2.95 per cent cadmium in zinc and 2.6 pet 
cent zinc in cadmium) and falls with temperature to low values. ‘he addition 
of zinc to cadmium or cadmium to zinc lowers the melting point of the solvent 
metal until one composition is reached, called the eutectic, which is the lo 


melting point alloy of the series. On either side of this composition solidificati 


begins at a temperature indicated by the upper curve, and substantially p 
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FiGuRE 2. Cadmium-zinc equilibrium diagram (A. E. Anderson) 


metals separate with falling temperature while the composition of the 
residual liquid changes until it reaches that of the eutectic. Solidification then 
continues at constant temperature with separation of zinc and cadmium crystals 
side by side until the whole mass is solid. The structure of such alloys is one of 
large primary crystals, if the alloy is away from eutectic composition, in a back- 
ground of a finely divided intimate mixture of the two metals in eutectic pro- 
portion. The copper-nickel alloys on the other hand show no eutectic and no 
marked structural relationships throughout the series (Fig. 3). The micro- 
structure of fully annealed material of any composition in this series is 
indistinguishable from that of a pure metal, but the temperature interval between 
the beginning and ending of solidification is of importance. Where an alloy 
of say 70 per cent copper 30 per cent nickel begins to solidify, the crystals which 
first separate are richer in nickel than the average composition. Ideally, as the 
temperature falls these crystals change in composition until they all contain 
30 per cent of nickel at the moment solidification is complete, but in fact such 
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changes are extremely s 
practice, therefore, these ni 
crystals become covered 
progressively richer in copy 
the final solid mass shows 
known as a ‘cored’ structure i 
shown in this way by the u 
etching reagent which atta 
nickel-rich cores. This struct 
be destroyed and the crystals 
genized by long annealing b: 
melting point. 

Unfortunately for the stud 


fortunately for the practice of 1 
FIGURE 4. 70/30 Cupro-nickel 


d . lurgy, such simple diagrams a1 
as cast, showing ‘cored’ structure ; 


typical. The alloys of copper 

aluminium or tin are examples of systems of great complexity, although th 
complex sections of the diagrams cover composition ranges of little industrial 
value. The aluminium bronzes for example can be either alpha solid solution alloys 
if the aluminium content is below 9:4 per cent or, at higher aluminium contents 
contain the beta phase. This decomposes on cooling below 565°C. to | 
‘eutectoid’ of « and a compound phase +,, which is an electron compout 
the + brass type. 

The aluminium bronzes readily attain their equilibrium structures at 
temperatures of the order of goo to 1000°C., but if cooled only moderat: 
fast are far from the equilibrium structure which they could attain at 


°C Atomic Percentage Copper °F 
' 
800 


2 3 a 5 6 ? 
Weight Percentage Copper 
dimer 


FicurE 5. Aluminium-copper equili- 
brium diagram (aluminium-rich alloys) 
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ratures if cooled sufficiently slowly. 
instance, the decomposition of the 8 
into x + y, is suppressed by anything 
it very slow cooling—a fortunate fact since 
decomposition of 8 into coarse « + y; 





severely embrittles the alloy and must be 
avoided, This provides a simple example of 
the great importance of non-equilibrium 
structures in industrial alloys. As has been 





suggested in what was said about coring in 
cast alloys it is possible for a solute ele- 
ment to diffuse through the lattice of the 
solvent, and the higher the temperature 
the more readily can it do so. At low 


SER ER aE 


temperatures, low, that is, relative to the 
melting point of the solvent concerned, 


8 





such diffusion is extremely slow and most 


: ° . ° ° ° ae ee 3 Q 
illoys used in industry are in fact neither Weigh! Percentage Carbon 


in equilibrium in the sense of a true imerican Society for Metal 
equilibrium diagram nor are they homo- Ficure 6. Jron-carbon equilibrium 
geneous On a micro scale. diagram 

\t the aluminium-rich end of the copper-aluminium series of alloys the 
quilibrium structures are shown in Fig. 5. The solubility of copper in 
aluminium at 548°C. is 5-7 per cent, beyond which the phase @ appears which 
s based on the composition CuAl,. The solubility of copper in aluminium, 
ywever, falls to o-2 per cent at room temperature—a significant change which 
ill be discussed later when precipitation hardening is dealt with. 

rhe hardening of steel is not a simple case of variation in solubility with 
temperature. From the iron-carbon equilibrium diagram shown in Fig. 6, it is 
seen that the equilibrium structure of these alloys in ideal conditions is of iron 
id graphitic carbon, but this is not easy to obtain. The normal structural 
ndition, the one obtaining in steels, is the metastable structure of iron and 
the carbide Fe,C. Carbon is readily soluble in the y allotropic form of iron, 
forming an interstitial solution as prev iously mentioned which is called ‘austenite’. 
On cooling through the temperature at which y iron changes to «, the solid 
solution breaks up and a eutectoid of « iron and iron carbide Fe,C (cementite) 
is formed. If steel is cooled at a rate fast enough to suppress the formation of this 
itectic a series of metastable structures is obtained with widely varying properties 
f great interest and value, which will be more fully discussed in the next lecture. 
These illustrations give some idea of the wide variations in structure which 
can occur in any one alloy system, and between different systems, but are only 
ffered as typical of an enormous number of differing systems. 


DEFORMATION OF METALS 


Before going on to discuss particular types of alloy it is important to have 
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some picture of the way metals can be deformed. A metal crystal can g 
be easily stretched or flattened, the deformation taking place by the m 
of lamellz of the crystal over one another. The movement is concent 
a succession of planes or at least in very thin sheets, being like the 1 
of cards in a pack when the pile is distorted. The displacement tak 
along a crystallographic plane known as the ‘slip plane’ and the pa 
crystallographic planes on which slip can occur in particular metals is | 
These planes can be shown on the surface of a crystal which has been p 
before deformation and can be revealed in some metals by 
treatments of a subsequently prepared surface. 

If slip were by the uniform movement of all atoms in a plane, each ato: 
pushed over the atom beneath at the same time, theoretical calculation 
that the stress required would be about 1,000 or 10,000 times the stress whi 
is observed to produce slip, and this discrepancy between calculated and obser\ 
yield strengths of crystals has stimulated much thought in recent years. The 
present view, to which only brief reference can be made, is that illustrated in 
Fig. 7. The situation in which n + | atoms on one side of a plane are opposit 
n atoms the other side is known as a ‘dislocation’ and the movement of 
dislocation step by step or atom by atom would account to some extent for th 
low yield strength of crystals and for other details of their plastic behavi 
The particular kind of dislocation shown is an ‘edge’ or ‘Taylor’ 
is similar in principle to the ‘screw’ or ‘Burgers’ type. 

Continued slip requires the generation of more dislocations. This has | 


suitable 


dislocation, 


a point of difficulty in the theory, since the first step in the movement 
dislocation requires high stress, but one mechanism which is now 
accepted is shown in Fig. 8. This is a Frank-Read source, in which a 


genera 
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Ficure 7. Generation and movement of a dislocation (Taylor 
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rfection in the crystal is postu- 
consisting of a length of 
islocation fixed at the ends, as at 1. 
; is looking down on the slip- 
. instead of looking at a section 
oss it as in Fig. 7. As stress is 
applied the free part of the dislocation 


moves, as indicated, until a complete ‘ey. 
dislocation loop, enclosing an area 

which has slipped one atomic dis- 

tance, has formed as at position 5, 

and the original dislocation has re- 

turned to its first position so that the 

process can be repeated. s 


- ° . : gic Institute of Technology 
When a crystal aggregate is severely ‘ Baines ¢ 
’ Bares . Ficure 8. Generation of a dis- 


deformed resistance to slip is greatly location loop (Frank and Read) 


increased and the metal becomes 
much harder, so much so, that after a certain amount of deformation the 
metal will not ‘flow’ more and breaks. This is in part due to the fact that 
crystal boundaries obstruct the flow of dislocations and in part to the in- 
crease in stress necessary to cause further slip in an already distorted crystal. 
In the case of a pure zinc single crystal shearing by as much as 500 per cent, 
which is possible in suitable oriented crystals, causes the stress necessary to 
continue slip on the basal plane to increase by a factor of 7. The rate of 
strain hardening of different pure metals varies and in crystal aggregates the 
size of the crystals in itself also affects the amount of deformation the aggregate 
will withstand to an extent which varies with the structure of the metal. For 
example, a hexagonal metal like zinc which has only one plane of easy slip will 
withstand enormous deformations on this plane of a single crystal but relatively 
little in an aggregate of crystals of varying orientations, while in a face-centred 
cubic metal like aluminium, which has four planes of easy slip, there is not so 
much difference between the stress strain curves for single crystals and for 
crystal aggregates. 


Recrystallization 


When the metal or alloy has been deformed by an amount approaching its 
limit, some further action must be taken if more deformation is required. This 
action is to anneal the metal; this means to heat it to such a temperature 


that the strained metal ‘recrystallizes\—new crystals grow, free from strain, 
and are thus capable of deformation as before. 

Che new grains are nucleated first in the regions of maximum energy, that 
is, they first appear as minute undistorted crystals in the most severely distorted 
parts of the worked structure, which are often at former grain boundaries. 
Fig. 9 shows such new crystals appearing in distorted tin bronze which has 
been reheated to 700°C. for a few seconds. The process of recrystallization by 
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annealing involves two steps. These are preceded by the process called 

in which there is no obvious structural change but some change in pr 

This merges indistinguishably into recrystallization, in which the old s 

is eaten up by the new. Recrystallization itself involves two steps: nu 
which is the appearance of nuclei of new grains, and grain growth, 

the growth of these new grains at the expense of the distorted lattice. Nu 

and grain growth are not instantaneous but are functions of both tem; 

and time. Their rates vary also relative to one another with the initial instal 
of the matrix, and the final grain size depends on these relative rates. Clearly 
if nucleation is fast in given conditions and grain growth slow the resulting 
grain size will be small. On the other hand, a low rate of nucleation and a fas 
rate of growth will give coarse grains. 


a 


agg 


iid 


FiGcuRE 9. Formation of new strain-free crystals in 8 per cent tin- 
copper alloy by heating worked material to 700° C. for two seconds 


The influence of initial condition of the cold worked material is main! 
affect the temperature at which recrystallization will occur and the size of grai 
reached when recrystallization is complete. One often hears the tert 
‘recrystallization temperature’ used as if it were a specific property of a material 

it is, of course, true to say that lead will recrystallize at lower temperatures 
than will aluminium and aluminium at lower temperatures than will steel—but 
for any one metal or alloy recrystallization can occur over a range of temperatur 
which depends on the amount of deformation and the time at temperature: t 
greater the deformation and the longer the time, the lower the recrystallization 
temperature. 
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FIGURE 10. Super purity aluminium strained 2 to 20 per cent and recrystal- 
lized for 30 minutes at (from top to bottom) 450°C., 475°C., 500°C. and 525°C. 


Che effect of amount of deformation on resulting grain size of aluminium 
is shown in Fig. ro, These test pieces of Super Purity Aluminium were pulled 
in a tensile machine giving a range of strain large at the narrow end and small 
at the wide one. They were then annealed for 30 minutes at the four different 
temperatures shown. The severely distorted part had recrystallized with a fine 
grain, the slightly deformed portions formed coarse grains and there was no 
recrystallization at all where the deformation was below a certain minimum 
quantity. 

An interesting point here is the way increasing temperature has affected 
the recrystallization of the aluminium. On closely comparing these four specimens 
it will be seen that the grain size of the recrystallized material is closely similar 
at all four temperatures for equal amounts of distortion, that is to say at corres- 
ponding positions along the length of the specimens. Where they differ most 
markedly is in the more lightly deformed parts of the specimen, where at the 
lowest temperature the aluminium has not recrystallized at all, but as the 
temperature increases so does recrystallization occur with decreasing amounts 
of cold work, and in these areas the grain size is far coarser than in the more 
heavily worked parts. This tendency of aluminium alloys to form coarse 
grains on heating after a small amount of cold work is a practical problem of 
some importance. 

All this is confused in practice to some extent by the tendency of grains of 
fully annealed material to grow at the expense of their neighbours—a phenomenon 
known as coalescence. This does not occur to any great extent in aluminium 
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alloys, but is a much more important determinant of the final grair 
annealed brass. In this alloy a coarse grain results from high ten 
annealing because as heating is continued some of the new recrystalliz: 
grow at the expense of others. 

A point should be made here about recrystallization textures. In w 
said earlier about single crystals and crystal aggregates, it was pointed 
crystals deform most readily along certain planes. If a mass of crystals is ra 
oriented, the overall deformation will be uniform because the differ: 
orientation between different crystals will cancel one another out. If, h 
it happened that a mass of grains were oriented in the same direction, the 
specimen would deform more easily in certain directions than in others 
would be shown up for instance in a deep drawing operation by a greater move- 
ment of the metal in certain parts, leading for example to what is known as 
‘ears’ on drawn cups. Such an undesirable result has to be combated in t 
production operation and it is important to understand how it arises. Th 
extent to which directional properties develop on rolling is decided mainly by 
the amount of cold reduction given between anneals, especially at the last and 
next-to-last stages, and partly by the annealing temperature. With copper, fo: 
example, if the reduction between anneals does not exceed 50 per cent then, 
recrystallization after annealing, the orientation is completely random and tt 
is no directionality. If, however, the rolling reduction increases, so does tl 
tendency increase for the new recrystallized grains to take up an orientatior 


size and also the higher the annealing temperature the more is this tendenc 
encouraged. General principles have been established for the relation between 
grain size, rolling reductions and annealing temperatures, for the avoidance ot 
these orientation textures in annealed brass and copper strips, and it is of con- 


siderable practical importance that these principles be followed in production 

Finally, work hardening can of course be avoided in another way, that is 
by working the metal at a temperature sufficiently high to ensure virtually that 
recrystallization proceeds concurrently with strain hardening and so the metal 


remains ‘soft’. The temperatures required vary with different metals and are 
naturally higher the higher the melting point of the metal concerned. Wit! 
steel, hot working temperatures vary from goo to 1200°C. depending on the 
alloy content—copper and copper alloys are hot worked at 500 to goo ( 
aluminium at 350 to 500°C. and lead and tin are ‘hot’ worked at ordinary 
atmospheric temperatures. 


PROPERTIES OF METALS AND ALLOYS ASSOCIATED WITH DIFFERENT 
TYPES OF STRUCTURE 
Before discussing specific alloys, it may be well to bring this brief theoretical 
discussion into focus by considering the properties associated in general with the 
types of structure that have been mentioned. 
Of the pure metals those with face-centred cubic structures are the m 
ductile and those with hexagonal the least. This follows from what has been 
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said about the number of slip planes in the different types of crystal. When a 
second element is dissolved in the first, slip becomes more difficult because 

lattice of the pure metal is distorted by the solute atoms. This does not in 
general affect so much the amount of deformation the alloy will withstand, 
although this is somewhat reduced, as the stress required to deform the solid 
solution. Norbury (Fig. 11) showed that the hardening effect of 1 atomic per 
cent of an alloying element added to copper or to lead was in almost direct 
proportion to the difference in atomic radii of the solvent and solute atom. 
Fig. 12 shows that the solid solution hardening produced by 1 atom per cent 
of a solute is almost directly proportional to the change in dimension of the 
lattice which a particular element produces. 

Thus the requirement of a ductile alloy which will withstand a great deal of 
deformation in fabrication in the form of sheet, tube, etc., and which shall at 
the same time have a high strength, can in part be met by the addition of a soluble 
second metal. Still higher strengths can however be attained by cold working: 
the addition for example of 30 per cent of zinc to copper nearly doubles the 
tensile strength and hardness of the annealed materials, but these figures can be 


roughly doubled again by imposing about 50 per cent cold reduction as in 


rolling or drawing. The hardness is in fact increased by this cold work 
proportionately more than the tensile strength. 

The size of grain has some important effects—a coarse grain will show surface 
roughening on deformation of sheet and will increase liability to intercrystalline 
failure under certain conditions. 

The distortion of the lattice produced by heat treatments of alloys in which 
solubility varies with temperature will be discussed more fully later, but it is 
the greatly increased resistance to deformation due to this lattice distortion 
which accounts for the high hardness and strength of steels, duralumin, etc. 





i i i. 


Hardening effect of 1° atomic per cent. solute element. 











3 ‘ 5 
Difference in size of solute and solvent atoms. 
[Faraday Society 
Ficure 11. Hardening effects of different 
solute elements in copper and solutions plotted 
against lattice parameter change. (Norbury) 
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Figure 12. Hardening effects of different solute 
elements in copper and solutions plotted against lattice 
parameter change. (Brick, Martin and Angier) 


Properties can also be profoundly modified by the introduction of s 
constituents into the structure of a solid solution. This is well illustrat 
a practical example in which the effects produced are more or less additi 
I refer particularly to type metals, which must have a low casting temperat 


must be sufficiently strong to resist distortion under pressure, and sufficie: 
hard to withstand abrasion during the actual process of printing. 

Lead obviously suggests itself as a basis for such an alloy, but lead is too soft 
wears too easily and does not take a sufficiently good impression of the di 
The addition of antimony goes a long way to correct these weaknesses. Antimor 
in the first place greatly facilitates a sharp impression from the die and in t 
second place antimony and tin form together crystals of the % phase of t 
binary system, presumably corresponding to the compound SbSn. Thes 
crystals give the resistance to wear that is necessary, and the structure, consisting 
as it does of crystals of this compound in a background of eutectic, 
the necessary rigidity to withstand the pressure of printing. 

A great deal depends however not on the strength and other properties of th: 
individual crystal but on the properties of grain boundaries also. The grain 
boundary is primarily a zone in which the atom positions represent a compromist 
between the crystalline arrangements in the two adjoining grains. Probably this 
junction of two adjacent crystals of different orientations only has a layer a { 
atoms wide in which the structure bears a truly transitional relationship to thos 
of the adjoining blocks, but there is also probably some further distortion of t! 
lattice of each crystal as the boundary is approached. 

The important influences which those boundaries exert on the properties 
and particularly on the resistance to deformation of metals and alloys can well 
be imagined and will be discussed more fully in connection with the developn 
of alloys resistant to creep. 
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LECTURE TWO 
30th November, 1953 


It is proposed in this lecture to discuss alloys for castings, wrought alloys in 
general, and the production of high strength by heat treatment, but before doing 
so it would be well to have a brief word on the industrial uses of the pure metals. 


USES OF PURE METALS 

Since very early times it has been common practice to use alloys instead of 
pure metals because the pure metal is generally too soft for engineering usage. 
Admittedly the pure metal can be hardened by cold work to a certain extent 
but the final result is still soft and weak compared with the properties attainable 
in alloys. 

[he Bronze Age was not entirely accidental: the ancient metal workers did 
not always find the copper and tin ores associated together in the right propor- 
tions and produce bronze by accident. ‘This no doubt happened in some cases, 
but it is more likely that when certain amounts of two different ores were mixed 
together before heating in the fire the resulting material was found to be tougher 
and stronger than were those obtained from treating these two raw materials 
separately. Of course there are applications in which the softness of pure metals 
is of importance, as for example in the case of workability of pure lead sheet and 
pipe for plumbing purposes, but even the precious metals are hardened to 
advantage by copper or some other additions before being put into regular use. 
Eighteen carat gold containing 25 per cent of copper is used not only because 
it is cheaper than pure (24 carat) gold, but also because. it has the advantage of 
being considerably harder and more wear resisting. 

The main industrial use of pure metals is for corrosion resistance, but apart 
from this the really large scale use of pure copper is due to its high electrical 
conductivity, for which high purity is necessary. Fortunately, copper can be 
readily produced in a state of extremely high purity in large quantities, and 
the tonnage used annually in this country alone runs well into six figures. The 
conduction of electricity in a metal is a peculiar property of the metallic crystal 
resulting from the freedom with which electrons can move through the lattice. 
Metal crystals are held together by the electrostatic attraction between what 
might be regarded as a ‘gas’ of negative electrons and the positively charged 
ions. The application of an electric field raises the energy level of the electrons 
sufficiently to enable them to move through the lattice in the direction of the 
field, in contrast to crystals of the ionic or chemical compound type in which 
there is an even number of valency. electrons per atom and no movement of 


electrons occurs when a field is applied. Increasing the temperature, by decreas- 


ing the mean free path of the electrons, increases resistance, while distortion of 
the lattice by cold working has relatively little effect. Insoluble addition elements 
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like lead and bismuth have little effect on conductivity of copper, but 
elements in solid solution have very powerful effects. These are not rel 

the atomic size so much as to the valency of the solute: for example, 

which is univalent like copper but has a relatively large atom, has little eff 
conductivity. On the other hand, addition elements with relatively large nu 
of valency electrons per atom, such as antimony and tellurium, hay 

effects. This relationship is clearly shown in Fig. 13. 

Fortunately another factor besides initial purity helps materially to m 
the high conductivity of copper and that is its ability to dissolve oxyger 
molten state and solidify to give a structure of copper and 
oxygen contents of the order of 0-05 per cent (which have other effects of i: 


cuprous oxide 


ance which are irrelevant to this particular discussion) the oxide does not ¢ 
affect the conductivity or the working properties of the copper. The o 
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FiGuRE 13. Electrical resistivity of copper and solutions 
plotted against valency of solute. (Brick and Phillips) 


however, combines with many of the impurities which adversely affect cond 
tivity and removes them from solution by precipitating them as relati 
harmless oxides in solution in the cuprous oxide phase. When oxygen-free hig 
conductivity copper is required the purity of the copper must be more clos 
guarded, and of course with the ordinary oxide-containing high conducti 
copper only some impurities are nullified by the oxygen present. 

Pure aluminium is similarly used as an electrical conductor and other uses 
pure metals in the wrought condition or for corrosion resistance will be refer 
to later. 

ALLOYS FOR CASTINGS 


Casting or pouring molten metal into some suitably shaped receptacle 
which it solidifies is the first, and in some ways the simplest, step in shaping a 
metal. It is not the only possible starting point since the welding together 
powder particles by pressing and subsequent sintering offers an alternatiy 
procedure. This is generally employed, however, only in the case of high melting 
point metals like tungsten and materials where it is desired to incorporat 
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controlled amounts of, for example, a metallic oxide in the structure as in the 
case of sintered aluminium powder. 

Vhether molten metals are poured into large rectangular or cylindrical blocks 

subsequent working to sheet, tubes, etc., or into shaped parts more or less 

ly for use, such as a small valve body or a propeller for the Queen Mary, 
the metallurgical problems are basically the same. If the following discussion 
is devoted to the ready-for-use casting, therefore, it must be remembered that 
at is said applies in general to the large block also. 

[he traditional material for making moulds for castings for use as such is 
sand, bonded with a small amount of clay, but metal dies are also used for much 

petition work of high accuracy. Again, however, the basic problems are the 
same, and this section is concerned with the production of sand castings in 
which the main principles are fully illustrated. 

[he requirements of a good casting alloy are that it should: (1) fill the mould 
completely and take a good impression of the mould cavity; (2) show a smooth 
surface; and (3) be free from internal cavities and non-metallic inclusions. 

he filling of the mould is largely a matter of pouring at a sufficiently high 
temperature to ensure that liquid metal reaches all parts of the mould cavity. 
Surface films of oxide in some alloys can prove a hindrance, covering the liquid 
stream with a tenacious envelope, but true viscosity as understood in physics 
plays no part. Molten metals have viscosities of the same order as that of water, 
and when a foundryman says metal is viscous it either has a tough oxide skin 


which interferes with flow or, more usually, is cold and is beginning to solidify 


before running properly into the mould. Oxide films can have other detrimental 
effects in that they tend to break up during pouring and to become entangled in 
the casting. This can be avoided by adopting methods of pouring designed to 
give the most tranquil transfer possible from the crucible to the mould. Although 
these methods are sometimes complicated they are mechanical rather than 


metallurgical and it is not proposed to discuss them further. 


SOLIOUS 
LiQUIDUS 
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WITH NO FREEZING RANGE 








TEMPERATURE 


Ficure 14. Changes of specific volume 
with temperature in a typical metal 
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The real difficulties arise from the fact that the industrial metals w 
important exception contract in volume on solidification and that in the 
state they dissolve certain gases and evolve these on solidification. 


Volume changes on solidification 


Fig. 14 illustrates the type of volume changes which occur wher 
cools from its pouring temperature. The contraction 
cooling is significant, but the main difficulty arises from the big change in s 
volume at the melting point. What happens after the alloy is complet 
is not important in this connection, although as mentione 
cracking. 


of the liqu 


1 later it ma 


TABLE I. VOLUME CHANGES ON SOLIDIFICATI 


N 


Composition 


Copper Alloys 
go Copper 1o Aluminium 
g2 Copper 8 Tin Pe: 
85 Copper 5 Tin 5 Zinc 5 Lead 
60 Copper 40 Zinc 
67 Copper 32 Nickel 


Aluminium Alloys 
g2 Aluminium 8 Copper 
87-3 Aluminium 12-7 Silicon 


Other Metals and Alloys 
63 Tin 37 Lead 
Bismuth 
Antimony 


24 
3°4 (expansion) 
I'4 
Cast Irons 
White Iron 


Grey Irons 
High ‘Test 2 
Medium Carbon 3 


*§ — 2°75 per cent CU. 2°5 
a) 3°25 per cent I'd 
Soft 3°5 — 4°0 per cent ( 


1°6 (expansion 


Table I shows the magnitude of the change in volume on solidification in 
a number of different metals and alloys. Small differences in numerical values 


of freezing shrinkage are not important, and only when, as in certain 
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SOLID LIQuIo 
METAL METAL 


MOULD 








hg 
FREEZING SOLIOUS LIQUIDUS 
POINT TEMP TEMP. 


(a) (b) 
Ficure 15. Modes of solidification of alloys 


compositions of grey cast iron, the freezing shrinkage is absent is the difficulty 


eliminated. 

The volume changes on solidification must clearly be looked after, and this 
is done by providing reservoirs of hot metal called ‘feeders’ or ‘heads’ from 
which the solidifying casting can draw fresh liquid to feed the contraction, 
leaving a cavity in the head which is subsequently cut off and discarded. 

The efficacy of a feeder head depends first on the metal therein remaining 
liquid longer than the metal in the casting it is feeding, and on there being no 
bridges of solid metal impeding the flow of liquid from the head to the different 
parts of the casting. A general principle which is essential if a feeder head is 
going to be effective is that the casting should be so designed and poured that 
the hottest metal is in the head, and that solidification proceeds from the more 
remote parts of the casting towards the feeder head. 

Such conditions are not always attainable and in any case there is another 
consideration which affects the final result materially, and that is the mode of 
solidification of the alloy. When the freezing point of a pure metal or eutectic 
alloy (solidifying at one temperature) is reached, or the commencement of 
solidification of an alloy with a freezing range (known as the liquidus temperature), 
crystals of the appropriate composition separate on the surfaces from which 
heat is being abstracted. These crystals grow as more heat is removed with 
a sort of fir tree or dendritic structure. If the metal or alloy of single melting 
point is being cooled rapidly from one face these crystals grow in the direction 
of the temperature gradients with a clear surface of demarcation between the 
completely solid and completely liquid metal as shown in Fig. 15a. In an alloy 
with a freezing range (Fig. 155), however, there is a zone of partially solid metal 
between the completely solid and completely liquid states and the wider the 
temperature interval between liquidus and solidus the larger this pasty zone. 
Similarly the steeper the temperature gradients the narrower will be this zone 

The types of structure produced in the two cases are different. With ‘skin 
formation,’ crystals formed on the mould face grow inwards without interruption 
producing leng or ‘columnar’ crystals. With ‘pasty solidification’, however, 
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nuclei form in the liquid away from the solid face and larger numbers « 
‘equiaxial’ crystals result. In an alloy which solidifies at one temperat 
in which a skin of completely solid metal grows into a volume of com 
liquid metal the contraction cavity formed on completion of solidificati 
be a single cavity in the last part of the casting to solidify. Where, h 
the alloy has a wide freezing range and the solidification is of the ‘pasty 


it is difficult, particularly where the temperature gradient is flat, for th 


metal to feed through the interdendritic channels. If the molten m 
to fill the channels between the growing crystals in the ‘pasty’ stage it 
difficult to see how intercrystalline film cavities or voids in the form of 
fissures are formed. This is in fact a common form of unsoundness in 
castings. Such porosity is liable to be much more serious in its eff 
isolated cavities. First, these fissures may form a continuous network al 


steam or liquid to leak through the wall of the casting, and, secondly, th 
large internal areas of discontinuity with an adverse effect on the streng 


the casting quite disproportionate to their volume. 


Ficure 16. Incipient hot-tear in 96°4 aluminium : copper 
alloy healed by band of eutectic (D. C. G. Lees.) 


One further problem arises due to shrinkage and that is the tendenc 
a casting to tear during solidification. It can well be imagined from Fig. 
that a relatively large volume of metal which is partly solid and partly liqui 
and which is cooling fairly uniformly from all surfaces, will reach a stag: 
which the solid has increased in volume sufficiently to form a coherent netw 
with small pools and channels of liquid dispersed throughout. At this p 
shrinkage of this solid network becomes significant because the network contracts 
as it cools. If the bulk contraction is hindered by the shape of the mould o1 
the earlier complete solidification of some other part of the casting, tensile stresses 
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set up which might cause cracking. Whether the casting cracks or not depends 
the temperature at which it becomes coherent in relation to the completion 

of solidification: the wider the temperature range between formation of a coherent 
twork and final freezing the greater the tendency to crack if free overall 
contraction of the mass is hindered. 

[he more eutectic present, the shorter is this range likely to be—in fact, 
beyond a certain eutectic content, coherency is not reached until eutectic 
temperature and there will be no cracking. This whole process is well illustrated 
by Fig. 16. A crack has here formed in an alloy containing quite a small pro- 
portion of eutectic, so little that the general mass of crystals became coherent 
before eutectic tempvrature was reached. There was sufficient eutectic in this 
particular case, however, to fill this crack with molten metal from the feeder 
head, and thus seal it up, but such an inhomogeneous structure is clearly 
undesirable. Had this alloy contained less eutectic the crack would have remained 
unhealed, whereas had it contained more the crack would never have formed. 


Dissolved gases 

The second main cause of unsoundness in cast alloys previously mentioned 
is their tendency to dissolve certain gases in the molten state and, because these 
are much less soluble in the solid, to evolve them on solidification forming 
cavities inside the casting. Hydrogen is the commonest gas to behave in this way. 
Oxygen is also a serious factor, because of its tendency to dissolve in some 
molten metals and to react on solidification with other soluble impurities such 
as hydrogen, carbon or sulphur, to form a gas insoluble in the solid. 

If solidification could be entirely directional and proceed on a smooth surface 
the gases rejected by the solidifying metal could diffuse away (since gases diffuse 
very rapidly in liquid metals) and escape from the casting. This is rarely possible, 
however, and, particularly with alloys freezing over a temperature range, evolved 
gases are in practice entrapped among the growing crystals, generally towards the 
part of the casting where final solidification occurs. Thus gas unsoundness 
is frequently associated with shrinkage unsoundness and the two may often 
be indistinguishable upon examination. Gross gas porosity in alloys with 
narrow freezing range, however, more often results in the formation of large 
spherical cavities, as for example in nickel silver castings, in which gas may be 
evolved by reaction on solidification between carbon and oxygen in solution in 
the liquid metal. 

Che gas problem can best be dealt with by removing the soluble gases from 
the molten metal. In the case of hydrogen this can be done by scavenging the 
metal with either an inert gas like nitrogen or chlorine, or some chlorine com- 
pound the stream of which carries the hydrogen away by normal diffusion effects. 
Oxygen is removed by adding some suitable deoxidant, suitability being defined 
by ability of the deoxidant to combine with all the oxygen present, and to remove 


it from the melt preferably in the form of a fluid slag, for example as phosphates 


or borates if phosphorus or boron are used in copper alloys. If an element with 
high affinity for oxygen such as aluminium or magnesium, but forming a 
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refractory oxide, is used as a deoxidizer the gas reaction may well be sup; 
but trouble be caused by retention of solid oxides inside the melt. 

The selection of the alloy required for a particular purpose is dictated 
requirements of the engineer rather than by the casting characteristics 
alloy, but the metallurgist can help greatly to ensure success, partly 
understanding of the behaviour of a particular alloy and partly by min 
important changes of composition within the limited range open to him | 
specification requirements. From what has been said it will be clear t! 
damage caused by porosity, whether it originates in shrinkage or gas, de 
enormously on its form and distribution. Irregular intercrystalline ca 
strung out in interconnected chains may do more damage than many tim: 
volume of uniformity distributed round holes. 

A knowledge of the constitution of an alloy is necessary for guidance 
behaviour in this respect. Single melting point alloys, like the aluminium-si 
alloy eutectic, can be used easily if their final shrinkage cavity is directed int 
harmless place. Where an alloy with wide freezing range is used it should cont 
sufficient eutectic or lowest melting constituent to ‘feed’ the interdendriti 
channels and to avoid shrinkage cracks. For example a gun-metal containing 
up to 5 per cent of lead is a more useful alloy for making pressure tight casting 
than is the intrinsically stronger Admiralty gun-metal (88 Cu 10 Sn 2 Zn). Finally, 
to ensure that coarse crystals are not formed liable to form networks at an earl) 
stage and thus intensify feeding difficulties, some control of primary crystallit 
size is necessary and possible. 


Cast irons 


This leads me to some discussion of a development in the metallurgy of ca 
iron in which refinement of structure plays a vital part. 

The simple gray cast iron used for foundry work twenty to thirty years ag 
and still used substantially to-day contains about 2 per cent silicon and 3 to 4 per 
cent of carbon. This alloy has a melting point of 1150-1250°C. and consists when 
cold essentially of graphite flakes in a pearlite background. These graphite flal 
in the plain iron can be large and their separation has two important effects. 
First, they produce an expansion which almost entirely neutralizes the normal 
shrinkage of iron on freezing (as shown in ‘Table I) and secondly they produce 
lines of weakness, particularly under tensile stress. If certain alteration 
composition are made, such as the omission of silicon from the cast iron, or if 
rate of solidification is increased by chilling, graphite separation is suppressed 
and a ‘white’ iron consisting essentially of pearlite and iron carbide is formed 
This is extremely hard and has a high freezing shrinkage (Table [). 

As will be remembered from the iron-carbon equilibrium diagram (Fig. 6 
this ‘white iron’ structure is essentially unstable. It can be made ductile by : 
process known for a century and a half, by which white cast iron is annealed in 
a furnace for a period of days. The carbide is decomposed, and the carbon freed 
in this way appears in the form of nodules or small aggregates and not as plates 
or lamella, and the resulting ‘malleable cast iron’ is a widely used and 
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well-regarded product with an output of some 150,000 tons a year in the 
United Kingdom, about 4 per cent of the total output of cast iron. 

In recent years methods of casting irons with this type of structure have been 
developed simultaneously in the United Kingdom and in America. The result is 
achieved by the addition of some cerium (added in the form of mischmetall) or 
alternatively by the addition of magnesium. It is now accepted that the use of 
magnesium in conjunction with a small amount of cerium helps to guarantee 
the successful operation of the process. The type of structure obtained is illus- 
trated in Fig. 17, which shows spherical particles of graphite in a matrix of 
pearlite and ferrite. ‘The sample was prepared by heat tinting which shows the 
free carbide as a white network surrounded by dark areas of phosphorus 


segregation. 


Ficure 17. Nodular graphite in cast iron 


It is difficult to specify the mechanical and physical properties of the new 
material because nodulization can be applied to the entire range of cast irons 
containing free graphite, and thus a whole new family of materials with varying 
properties becomes available. If we take, for example, a simple case of a one inch 
bar of plain cast iron (i.e. unalloyed with special elements apart from those used 
in nodulizing), this, after treatment, may be expected to have a tensile strength 


of, say, 45 tons per square inch, nearly double the maximum strength specified 


in B.S. specifications even for alloyed irons; moreover, the casting will have an 
elongation (indicative of ductility) of 1 to 5 per cent. If the casting is given a simple 
anneal the tensile strength may fall to 35 tons per square inch but elongation 
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rise to 15 to 20 per cent. It is clear that a valuable new material, inter: 
between the ordinary cast irons and the steels, has been placed at the 
of the engineer and designer. 

Apart from this major new development the properties of ordinary cas 
have been greatly improved in recent years by the use of alloying addit 


If small amounts of nickel and chromium are added to an ordinary gr 


the effect of surface chilling is much less marked: the size of graphit 


reduced and the strength of the ferrite constituent in the matrix is in 
High nickel irons (containing 15 to 30 per cent of nickel) are austenitic, 
used for their excellent resistance to many corrosive conditions. Inter: 
nickel contents of the order of 4 to 5 per cent with a relatively low cart 
1.5 to 2.5 per cent of chromium give martensitic structures with a good con 
tion of hardness, strength and toughness. ‘Typical mechanical properties fo 
different grades of iron are shown in Table II, which also includes figu: 
some of the latest so-called ‘nodular’ irons. In studying this it should be 
in mind that the 1928 B.S. contained two grades—with g and 11 tons | 
only. 


TABLE II, TENSILE STRENGTH OF DIFFERENT GRADES OF 
GRAPHITE CAST IRONS (B.S. 1452) 


U.T.S. in 1-2 0 


diameter bar 


Type of Iron 


Grade 10 
12 
14 
17 
20 
23 
26 
Nodular Iron As cast 
Annealed 


WROUGHT ALLOYS 

While the use of castings as such for engineering purposes is very extensiv 
far the greater part of engineering construction uses alloys in the wrought { 
The shapes required are commonly bar, sheet, wire and tubes, together wit 
wide variety of sections, which are produced by rolling or by extrusion in | 
lengths with relatively short transverse dimensions. ‘These shapes frequent 
require further working such as pressing, stamping and bending, for incorpora 
tion in the structure of which they form a part, and a great deal of work has bs 
done on developing alloys with properties permitting easy working and at t 
same time producing the material in a condition of the highest possible strengt 
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From what was said it will be clear that easy workability at room temperature 
generally possessed by metals with cubic structures, but the extreme softness 


of some pure metals is not necessarily an advantage in these working operations. 


For instance, lead, although it can be extruded into complicated shapes and can 
rolled, bent and hammered readily, has not sufficient strength for drawing 
rations in which the metal is pulled through a die. Mild steel, consisting 
ntially of body-centred cubic crystals of « iron, is by far the most widely 

iployed of the medium strength wrought alloys, and in this particular case a 
\all amount of carbon (0.1 to 0.2 per cent) is present both because it is difficult 
make pure iron and because of the beneficial effect of the addition of that 

small amount of carbon on mechanical properties. The tensile strength of mild 

steel is about 27 tons/sq. in. compared with only about 14 tons/sq. in. for pure 

ron. Commercial purity copper and aluminium are similarly extensively used in 
wrought form for sheet pressings: for example, the domestic kitchen equip- 
ment so popular in houses to-day is frequently made from commercial pure 
uminium sheet. In the use of these substantially pure metals a great deal 
pends on the work hardening of the metal in the manufacturing and forming 
peration, as without this effect the strength of the finished article would in 
any cases not be adequate. Where, however, higher strengths are needed in 
aterials required to withstand severe working solid solution alloys such as 

70/30 brass, commonly known as cartridge metal, and aluminium-magnesium 

illoys are extensively employed. These alloys will not withstand quite so much 

formation as the pure metals, but are capable of developing much superior 
strengths and hardness. 

Where, however, maximum strength is necessary in a workable material it is 
general practice to use alloys which are capable of heat treatment to develop 
those properties. Naturally, in the condition of highest strengths and hardness 

n alloy cannot be worked satisfactorily to any great extent. A two stage process 
therefore employed: first, working either hot or cold while in a structural 

dition most favourable for this purpose, followed by a heat treatment to 
evelop the strength desired. 


THE DEVELOPMENT OF HIGH STRENGTH HEAT TREATABLE ALLOYS 

Che greatest advances in ferrous and non-ferrous metallurgy have followed 
the popular understanding of the principles of heat treatment and its extensive 
adoption as an ordinary commercial operation. It is applied to both castings and 

wrought materials, and is an essential tool in the hands of the metallurgist in 
supplying to the engineer materials with the properties he wants. 

Something has been said in the introductory lecture about the principles of 
precipitation hardening and it is proposed to develop this a little further with 
ng short reference to two specific alloys selected for illustration. 

Steel 

The fact that steel can be hardened by heating to a high temperature and 
quenching in water or oil has been known for hundreds of years,.but only lately 
is the process coming to be understood. What was said in the first lecture about 
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the decomposition of the solid solution of carbon in y iron (known as au 
is only the beginning of the story about which there is a great deal m 

said than is possible here. Before discussing the more complicated eff 
to the addition of alloying elements it is important to understand the 

occurring in the hardening and tempering of plain carbon steels, whicl 
standing is helped by reference to the lower left hand portion of the iron 
equilibrium diagram (Fig. 6). 

When a plain carbon steel is quenched from a temperature at which it 
austenite it is not possible, however rapid the rate of cooling, to retain th 
ture of austenite at room temperature. If the cooling is fast enough to preve 
separation of carbide or of ferrite, a temperature is reached (M,) at whi 
austenite Starts to transform to martensite. This temperature falls fron 
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Figure 18. Relative hardness of martensite, pearlite and 
spheroidized carbide steels of various carbon contents. (F. Seitz) 


500°C. with 0-2 per cent C to about 100°C. with 1.3 per cent C. There is a 

lower temperature by which the transformation to martensite is completed a 
throughout this temperature range martensite formation continues as the austenit 
is cooled and stops if the specimen is held at any one temperature. Martensit 

a hard constituent with a body-centred tetragonal! lattice and consists of a super- 
saturated solution of carbon in alpha iron. This distorted structure—distort 
by the carbon atoms—is extremely hard, the hardness increasing with carbon 
content. Fig. 18 shows how rapidly hardness increases with increasing carbon 
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nt and also emphasizes the great hardness of martensitic steels compared 

pearlitic and spheroidized steels. (In pearlite, ferrite and carbide are in 
rnate thin plates. Long annealing causes these plates of carbide to 
roidize or form round particles.) 

\ steel of entirely martensitic structure is too brittle for normal usage and 

brittleness is reduced by heating the steel to some temperature above that 

f the start of martensite formation so that the martensite is slowly transformed 

towards the near-equilibrium structure of ferrite and carbide. These are formed 

tially in an extremely fine state of division which is coarsened by increasing 

heating time or raising the temperature, and the diffuse intermediate 
structures are known as tempered martensite. 

If the austenite is held at a temperature above the martensite transformation 
range and below the temperature of austenite stability, i.e. below the horizontal 
line at 723°C. and above the M, line, it transforms to an intimate mixture of 

rrite plus carbide known as ‘bainite’. This constituent is in fact similar in 
properties (except impact strength) to tempered martensite but they have different 
structures although both contain ferrite and cementite. 
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Fic. 19. Time-temperature-transformation curves for eutectoid steel 


[hese changes in structure and the time required at different temperatures 
to bring them about are conveniently summarized in what is known as a time- 
temperature-transformation curve, as is shown in Fig. 19 for a plain eutectoid 
carbon steel. At a temperature of about 600°C. austenite is decompesed rapidly 
to ferrite and carbide, the transformation being completed in about five seconds. 
As the temperature is lowered the time required for the commencement of bainite 
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formation and for the complete decomposition of the austenite increases 
until the temperature of martensite transformation is reached at about 
Thus at about 300°C. bainite formation will begin after about two minut 
will be complete in about 30 minutes. 

The effect of adding alloying elements to steels is to vary the rate 
transformations and in so doing to vary what is known as _ harder: 
Hardenability is used to define the capacity of a piece of steel for fully har 
under suitable conditions. It is really an inverse measure of the severity 
cooling conditions necessary to produce on continuous cooling a final mart 
structure in a previously austenitic steel. Another way of putting it is 
that hardenability is a measure of the ease with which transformation 
steel in the pearlitic and bainitic ranges can be suppressed, or, more s 
still, the ease with which the effects of a given rate of cooling of a carbor 
specimen of a given size can be simulated in a larger section which will nec« 
cool more slowly. It will be seen from Fig. 19 that the rate of cooling 
parts of a mass of steel through the temperature range of approximately 5 
600°C. must be high if the austenite is not to decompose before it reac! 
martensitic transformation. 

Hardenability is assessed by the method devised by Jominy, in which a star 
test bar of one inch diameter is heated in the austenitic range followed by 
quenching the end face only. The distance along the bar from this cook 
up to which the steel retains its maximum hardness (that is, a fully martet 
structure) is a measure of its hardenability. In a plain eutectoid steel it 
possible to avoid any pearlite formation for more than a very short dist 
from the cooled face. 

Most alloying elements decrease the rate of these structural transformat 
and thus increase the hardenability of the steel by avoiding the separati 
ferrite and carbide at markedly lower cooling speeds. 

A typical indication of the results achieved is shown by Fig. 20, which g 
the time-temperature-transformation curve for a nickel-chromium-molybde1 
steel. For this steel the time at 500°C. for the beginning of decomposition o 


austenite is 20 seconds and long times are necessary for the decompositio1 
be completed. 


Alloying elements have other effects on the properties of steel, one of 
most important of which is their effect in increasing the resistance of steels 
softening by tempering—thus permitting an increase in toughness wit! 
so much loss of strength. Other effects include the stiffening of the lattice of 1 
ferrite constituent at room and at elevated temperatures, the depression of t 
transformation temperature from y to « iron and the formation of carbid 
more stable than iron carbide thus reducing the carbon content of the austenit 
phase. The steels which are austenitic at room temperatures, such as the 18 } 
cent chromium 8 per cent nickel stainless steel, are mainly notable, as this nai 
suggests, for their corrosion-resisting properties about which more will be sa 
later. Others are of interest also for their workability and—a point which is 
important in some applications—for the fact that they are non-magnetic, b 
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whole subject of alloy steels not liable to transformation is too wide for this 


ture. 
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FIGURE 20. Time-temperature-transformation 
curves for nickel-chrome-molybdenum steel 


This brief discussion illustrates the extraordinary complexity of the metallurgy 
of alloy steels and indicates something of the way the metallurgist is collecting 
and correlating information on their behaviour. 


1luminium-copper alloys 


The changes in structure on precipitation hardening have been studied much 
more thoroughly in the alloys of aluminium, particularly those of aluminium 
containing copper, which show nearly all the complexities shown in other 
systems, but for various reasons allow these complexities to be distinguished 
with more clarity than is the case with most other precipitation hardening 
alloys. They have, therefore, been extensively studied by many different workers, 
since Wilm’s original discovery of this phenomenon in 1906. He was attempting 
to produce an aluminium alloy which might compete in strength with brass, 
and for this purpose added o-5 per cent magnesium to an aluminium alloy 
containing 4 per cent copper, and small amounts of manganese. Since silicon 
is an inevitable irnpurity in nearly all commercial aluminium, this alloy has two 
potential hardening agents, copper precipitated as CuAl, and magnesium 
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precipitated as silicide Mg,Si. Wilm quenched his alloy from 
disappointed with the low Brinell hardness he obtained. After 
however, he tested it again and found the hardness much higher. This 
only the first clear reference to precipitation hardening, but the actu 


520 
the 


W 


position used by Wilm went into commercial production as Duralu: 
remained curiously enough the most widely used high strength alu 
alloy until recent times. 





HARDNESS NUMBER 


BAINELL 


BH 87, 6-2 HR 


OH. 67, 35 MINS. FR 


FicurE 21. Hardening of solution treated aluminium: 
4 per cent copper alloy on ageing at (from top to bottom) 
100°C., 130°C., 148°C. and 190°C. (Gayler and Parkhouse 


The changes that take place on precipitation hardening of a quenched 
aluminium-copper alloy are complex, but basically they depend on the fall in 
solubility of CuAl, in aluminium with temperature as shown in Fig. 5. If 
alloy with less than 5.5 per cent Al is heated to such a temperature that all t 
6 phase is dissolved and is then quenched, changes in hardness occur on reheating 
to lower temperatures such as those illustrated in Fig. 21. This shows the har 
ness changes with time in a quenched aluminium 4 per cent copper alloy ag 
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100, 130, 148 and 190°C. In each case the hardness rises, remains constant 
a little and then rises again to a peak after which further ageing results in a 


ady fall, and the early difficulty of recognizing the details of the phenomenon 


as due to the fact that no precipitate is easily visible micrographically until 
hardness has fallen below the peak value. Many theories have been advanced 
xplain in detail the changes in structure which lead to these results and the 
itter can hardly be regarded as finally settled even yet. It seems reasonable, 
owever, to sum up the present views by saying that the hardening is associated 
vith the preliminary stages in the separation of CuAl,. 

Ihe first increase in hardness is associated with the formation of zones in 
hich atoms of copper are concentrated in platelets on certain lattice planes 
actually the faces of the unit cube). These zones or platelets are small in size 
about 50 to 100 atoms across, and two or three atoms thick when hardening is 
ell advanced—large in number and of random distribution, and are called 
Guinier-Preston zones, after the two investigators who independently observed 
them by different X-ray methods. In such a platelet the copper atoms take the 
place in the structure normally occupied by the much larger aluminium atoms, 
but the platelet cannot shrink unhindered to the natural size of the copper atoms 
because it is part of the whole structure: so there are large elastic strains both 
in it and in the crystal round it, and the strains produce a marked increase in 
the resistance of the whole lattice to deformation. 

It is then suggested that the flat portion of the hardness-time curve 
corresponds to the time when this first stage of ageing has gone as far as it can 
and to the beginning of a second stage in which a larger type of Guinier-Preston 
zone, perhaps with a different arrangement of atoms, is formed, the first-formed 
zones slowly dissolving and the copper atoms going to join the larger zones. 
he larger strains round these result in a further rise in hardness. 

It is during this rise to the second peak of the hardness-time curve that 
something definite can first be seen under the microscope, but it is not yet 
possible to identify a true precipitate either by X-rays or under the microscope. 
In due course the conglomeration of solute atoms becomes such that they are 
rejected from the matrix by precipitation of a second constituent corresponding 
with the compound CuAl,. This relieves the lattice strain and softening results. 
Hence the absence of obvious micrographic evidence of precipitation until after 
the hardness maximum has been passed. 


Other prectpitation-hardening alloys 

This outline of the mechanism of precipitation hardening is over-simplified, 
but is typical in general terms of the precipitation hardening effects that can be 
obtained in a wide variety of materials. The number of age-hardening alloys 
which have been developed in the last 20 years is enormous. ‘They vary from 
low melting alloys such as lead-calcium and lead-antimony, which ‘age’ or 
harden at ordinary temperatures, to high melting point alloys like copper- 
beryllium or iron-tungsten, which require high temperatures for precipitation 
hardening. 
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While in general the metallurgist is guided in his search for age-hard 
alloys by the shape of the solid solubility curve, a decreasing solubilit 
falling temperature being essential, it is not quite so easy as it may app 
judge the magnitude of the effect, because without knowing the details « 
precipitation reaction which will take place it is not possible in general to fo 
what strains the ageing process will introduce. For example the solubi 
high temperatures of 4 per cent iron in solid copper fails to produce any hard 
on subsequent treatment, whereas 2 per cent of beryllium, which is solub! 
copper at 860°C., can, by solution treating, quenching and precipita 
hardening at 315°C., increase the tensile strength from about 32 tons per s: 
inch for the annealed alloy to 78 tons per square inch for the fully heat tr 
material. The lack of hardening in the copper-iron alloy is understandal 
because the precipitate is iron itself, in which the spacing of the atoms is al! 
identical with that in copper, and there is therefore no strain. The berylli 
atoms on the other hand are much smaller than those of copper and almost any 
arrangement containing a concentration of beryllium atoms must give ris 
a large strain. However, if this argument is followed to its conclusion, one 
expect no hardening in copper alloys with chromium, which are smaller t 
those with iron: yet quite a useful degree of hardening is obtained. 

The magnitude of the hardening effect is thus difficult to deduce, but one do 
know in which alloy systems to look for the effect. 

In concluding this section brief reference must be made to one other featu 
which complicates age-hardening considerably: the effect of minute amounts 
other atoms in nucleating the precipitation of the second phase. Hardy has 
recently shown how important small amounts of cadmium, indium and tin in 
an aluminium copper alloy can be in this respect, and as little as 0.001 per cent 
of arsenic present in a lead-antimony alloy causes such an alloy to age-harden 
markedly while in the absence of arsenic (or possibly some other similar stranger 
atoms) the antimony which is precipitated does not cause marked hardening 


LECTURE THRE! 
7th December, 1953 
ALLOYS FOR CREEP RESISTANCE 


In the previous lecture ‘strength’ of metals has been discussed in the sense 
of resistance to rupture on test at room temperature in an ordinary testing 


machine in which several minutes only elapse between the commencement of 
loading and the fracture of the specimen. In such a test the strain is proportional 
to the stress during some early part of the test, after which strain increases 
disproportionately with further increments of stress and the specimen stretches 
permanently. The range of stress over which strain is proportional to stress, 
and within which the specimen behaves elastically, varies widely with different 
materials, as does the amount of permanent extension before fracture. 
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It is important to bear these differ- 
ences in mind when considering creep 
resistance. Provided temperature and 
initial strain are not such as to cause 


recrystallization a metal will maintain 
> 

SF ‘ gress 

att 


a steady load of the order of the 
elastic limit indefinitely. At higher 


EXTENSION, % 


temperatures, however, two important 
factors operate to produce a state of 
flow under the action of the steady 








load. First, the strength—-particularly - “hen” = 
the elasticity—of metals and alloys sven and Stet Eneictente 
decreases as the temperature rises, FIGURE 22. Flow of lead under con- 
and, secondly, if a metal is initially stant load and under constant stress. 

in the cold worked condition re- &. N. da C. Anmeem 
crystallization may result and the strength of the metal be thereby markedly 
reduced. At higher temperatures therefore metals behave under stress in a manner 
which cannot be predicted from quick tests and which is of the type familiar 
in materials like pitch. Pitch requires a high stress to fracture quickly, but 
a low stress held for a long time causes steady flow. 

Creep resistance is the governing consideration in the use of metals and 
alloys at high temperatures—and by this is meant high in relation to the tem- 
perature at which a specimen in question will melt or recrystallize, not necessarily 
high in comparison with atmospheric temperatures. For instance, a lead pipe 
carrying water at pressure at air temperatures must be designed on its creep 
resistance just as much as a high temperature steel intended for use in a jet 
engine. 

In the extensive work carried out in investigating the resistance of metals 
to this type of deformation, much more effort has been devoted to ad hoc tests 


of the creep resistance of particular materials than to investigations of the primary 


causes of this type of flow, but some general principles are developing. When 
a metal specimen is subjected to a constant load above the ‘creep limit’ of the 
material in question at the test temperature used a time-deformation curve 
can be plotted as shown in Fig. 22. If the load is constant, the curve shows 
four stages: (1) the instantaneous extension on application of the load, (2) a time 
during which the creep rate is decreasing, (3) the steady or minimum creep 
rate stage, and (4) the final stage in which creep accelerates to ultimate fracture. 

This curve is confusing because as the material stretches the area of the test 
piece decreases and the stress increases. A truer picture of what is happening 
is obtained if tests are carried out under conditions of constant stress, and various 
methods have been devised, originally by Professor Andrade and his co-workers, 
for ensuring that, as the cross section of the specimen decreases, the load falls 
in proportion so that the stress on the section during test is constant. Under those 
conditions a creep curve is of the type shown in the lower curve of Fig. 22. 
If stress is maintained constant, there is much more chance of relating the mode 


261 





JOURNAL OF THE ROYAL SOCIETY OF ARTS 5TH MARC! 


of deformation to the characteristics of the material than in a test in whic] 
is changing to an unknown extent. 

In his pioneer work in this field published in 1910, Andrade found t! 
three stages of a typical creep curve under constant stress could be repr: 
by an equation of the form 

i, Lo (1 + 6t*) e* 
where L is the length of the specimen at time t, 4 and K are constants an 
the approximate length of the specimen immediately after loading. If 
the equation gives a rate of creep which becomes very small at long tim« 
if & = o the equation represents a constant rate of strain K. It has th 
become common to refer to the transient creep of the second stage as bet 
and the steady state creep of stage three as kappa flow 


In considering the mechanism of creep it is interesting to look first at 
in a single crystal. Deformation in this case can only be by shear on part 


crystallographic planes and it has already been seen that single crystals st 
in the direction of a glide plane can deform by large amounts. Such creep 
rise to ‘slip bands’ identical with those slip bands produced by mor 
deformation, but there is evidence that with some metals the slower the def 
tion the smaller the movement on any individual plane but the larger the nu 
of slip planes involved. 

In a crystal aggregate, however, the grain boundaries contribute to the fi 
and in fine grained materials large movements are possible with relatively 
crystal distortion. 

The transient and steady flow expressed as beta and kappa flow in the And 
equation have different physical mechanisms. Broadly speaking the beta fi 
decreasing with time, is attributable to slip on glide planes within the crysta 
grains. The steady flow is due to a relative adjustment of the grains at the gra 
boundaries. It has been shown that under conditions favourable for beta fi 
slip bands are well developed within the grains, but that there is apparent 
little glide within the grains under conditions of kappa flow. It is interesti1 
to note that beta flow can be eliminated by severe preliminary strain by, { 
instance, cold working the specimen before putting it on test; providing 
recrystallization has occurred creep then proceeds on a straight line with 
any of the decreasing stage of beta flow. Kappa flow increases with increase i 
grain boundary area, that is to say with finer grain size. Under conditions 
simple shear, where grain boundary movement is prevented, flow is all beta flow 

The experimental illustration of the several roles played by different features 
of the crystal structure is difficult, but is perhaps clearest in recent work carried 
out on lead and lead alloys. These materials have been used because tests on 
lead alloys at room temperature are easily controlled, can be carried out in larg: 
numbers without difficulty in a constant temperature laboratory, and reproduc: 
the same phenomena as do stronger metals at higher temperatures. 

In all that follows it must be remembered that grain size has such a majo! 
influence on creep that no work on the mechanism of creep is of value unless th: 
grain size of different materials is equated or unless in comparing different 
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smples of any one alloy the grain sizes are accurately recorded. From what 
1as been said before it will be appreciated that three main structural features 

addition to grain size need to be taken into consideration: (a) cold work 

id recrystallization; (6) solute elements, with or without precipitation effects, 
which distort the lattice; and (c) precipitates or other second phases, and their 
distribution. 

Tin refines the grain of lead and Fig. 23 shows the extension under constant 
stress of specimens of 1 per cent tin alloy of varying grain size (produced by 
extrusion at different temperatures). The decrease in grain size which this 
addition causes under normal conditions of production more than outweighs 
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Ficure 23. Effect of grain size on 
creep of a lead one per cent tin alloy 


any beneficial effect it may have on creep resistance in other directions, although 
it is important to note that on a quick tensile test this alloy, when of fine grain 
size, shows a much higher strength than a coarse grained pure lead. Similar 
effects are shown by many other alloys. 

Increasing creep resistance by increasing grain size has limitations in 
practice because coarse grained metals have little ductility under conditions of 
slow strain. The elongation at fracture of the lead alloys referred to in Fig. 23, 
when stressed at room temperature at 750 lb. per square inch, show variations 
very similar indeed to those in the creep rate. The finest grained material, which 
crept so rapidly, had a general extension of 170 per cent at fracture while the 
coarsest material with a low creep rate failed at only 30 per cent extension. 
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A similar effect for super-purity aluminium tested at 300°C., with a st 
300 lb. per square inch, is shown in Table III. 


TABLE III, EFFECT OF GRAIN SIZE ON DUCTILITY AT FRACTURE UNDER Ci 


Super-purity aluminium tested at 300°C. and 300 Ib./in.* 


Grain diameter Life in hours General extension 
mm per cent 


3,760 


678 


The coarse grained material had a life of nearly 4,000 hours, but ultimat 
broke with a general extension of only 8.5 per cent, while a material of {th th 
grain diameter crept rapidly and broke with 43 per cent extension after less 
than 700 hours. These are two examples of a general tendency which can pz 
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Ficure 24. Effect of cold work and recrystal- 
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serious: the engineer does not like his materials to last well for a certain time 
and then break off without warning, which is liable to happen with coarse 
grained alloys under creep conditions. Failure in these cases is almost invariably 
intercrystalline. 

The increase in creep resistance due to cold work in a material of low elastic 
limit in the soft state is well illustrated by copper. The larger the cold deforma- 
tion, however, the more readily does copper recrystallize at slightly raised 
temperatures. Fig. 24 shows that when tested at 175°C. under a stress of 
8,000 lb./sq. in., 10 per cent of prior cold work greatly increases the creep 
resistance of H.C. copper, but with larger cold deformations the copper 
recrystallizes and the creep rate goes up in consequence. The addition of 0.05 per 
cent of silver to the copper (which has no effect on conductivity) so raises the 
recrystallization temperature that the beneficial effects of up to 50 per cent 
reduction by cold working can be retained at this temperature for up to at least 
12,000 hours. This point is of great practical interest in turbo alternator con- 
struction, the windings of which are much freer from the serious trouble of 
‘copper shortening’ when the silver-copper alloy is used. 

The effect of alloying additions in strengthening the lattice is clearly brought 
out in Fig. 25 which shows the influence of increasing tin content in lead-tin 
alloys. This shows the results of creep tests on a number of lead-tin alloys 
compared with that of lead plotted in rather an unusual way. Taking the amount 
of creep in the pure lead specimen ia the number of hours stated as unity the 
amount of creep in the alloys at various times is shown as a ratio. 
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FiGurRE 25. Creep of solid solutions of lead relative to 
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It will be noted that not only are these five materials of different comp 
but they are also of different grain sizes. The important point brought out 
figure is that the additions of tin referred to substantially reduce the am: 
creep in short time tests, have little effect in times around 10,000 hour 
increase creep at longer times. These results are explained by the reduct 
beta flow by the increased resistance to deformation of the grains ar 
relatively small effect of tin content and the large effect of reduced grai 
on the steady or kappa stage of creep. This figure illustrates two imp 
points: first the difficulty of extrapolating short time creep results to | 
times unless it is quite clear that the stress employed has been sufficiently 
to bring the material into the kappa or steady state creep stage, and second 
small effect of soluble additions on the resistance of a metal to kappa flow. 

Another example of the beneficial effect of a small addition of a soluble el 
is that of iron in aluminium. Iron is soluble in pure aluminium to the extent 
0.01 per cent at room temperature and any further addition causes a s 
phase, FeAl,, to appear. The addition of up to 0.01 per cent of iron has a 
large beneficial effect on the early stages of creep of aluminium, that is on t 
beta flow stage. The appearance of the FeAl, constituent is only of 
additional influence on this phase of the creep curve. 

The effect of a precipitated second phase is shown in the lead-antimony 
containing 0.85 per cent Sb to be again mainly an effect on the primary or | 
flow stage. While the solution-treated alloy shows the normal creep curve 


an initially diminishing creep rate, the precipitation hardened alloy gi 


creep rate which is a straight line from the start, the rate of creep | 
approximately the same as in the secondary stage of the creep of the solut 
treated alloy. 

I am not suggesting that we can to-day develop creep resisting alloys bas 
a theoretical understanding of structural requirements. he high temperatur: 
alloys now used in jet engines have in fact been developed by empirical metho 
Table IV shows some typical materials. Clearly as a starting point a basis met 
of high melting point is desirable, although recent developments of titaniu: 
alloys show this to be no certain criterion of value, since titanium has a melting 
point of approximately 1700°C. and both the pure metal and its alloy seem t 
possess disappointingly poor tensile creep properties at temperatures over abo 
400°C, 

It is probable that the extremely complex structures possessed by th 
industrial alloys listed in Table IV cannot be related in any static sense to th 
creep behaviour. By that I mean that it can hardly be asserted that any one allo) 
has a particular structure at the temperature of use since it seems that the best 
properties are generally found when the material is slightly unstable, that is, whet 
precipitation can occur slowly, possibly at those points where it is most ben 
ficial. The only conclusion to be reached is that high resistance to creep can | 
achieved by the precipitation of certain types of compound at suitable rates 
It can therefore be said that, when seeking an alloying addition to increase th: 
creep resistance of a particular metal, one should be sought which (1) produces 
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‘he minimum reduction in grain size, (2) increases as much as possible the 
mperature of thermal softening, (3) introduces additional constituents which 
en the structure, particularly at the grain boundaries, and (4) introduces 
possibility of precipitation hardening. 


TABLE IV. COMPARISON OF CREEP PROPERTIES OF MATERIALS USED AT 
ELEVATED TEMPERATURES 


Temperature, C., 

at which rupture 

occurs in 1,000 

Type of alloy Approximate composition hours under a 
stress of Io tons 


Sq. in. 


1. Cobalt Base ... | 62 Co, 23 Cr, 6 Ni, 6 Mo+ Ta, Mn 
Nickel Base ... | 60 Ni, 20 Cr, 20 Co, Ti, Al 
Chromium Base 60 Cr, 25 Mo, 15 Fe 
Ni-Co-Cr-Fe 

Austenitic | 18 Ni, 18 Cr, 7 Co, 3 Cu, 3 Mo,’ 
Nickel Base ... | 70 Ni, 30 Mo 
Ni-Cr Austenitic 
Quench Hardening | 18 Cr, 10 Ni, Nb 
12 per cent Cr-Mo 

Steel | 12 Cr, Mo, V, Ti, Nb, N,, B 

Mo-V Steel ... | 0.5 Mo, 0.25 V 
Carbon Steel... | 0.15 per cent C. 


ALLOYS RESISTANT TO CORROSION 

The subject of corrosion has been dealt with fully recently in a series of 
Cantor Lectures by Dr. W. H. J. Vernon, and it is not proposed to discuss the 
subject in general. Little was then said, however, about the development of 
alloys for corrosion resistance, and I shall enlarge upon this aspect rather than 


deal fully with the mechanism of corrosion and the ways, such as protective 
coatings, modification of the corrosive media, etc., by which corrosion can be 
defeated. 


The development of corrosion resistant alloys has had two objects. The 
first has been the production of materials more corrosion resistant than the 
available pure metals for a particular purpose, and the second the production 
of alloys with better mechanical properties than those available in the pure 
metals, without sacrificing corrosion resistance. In many cases pure metals in 
the sense of ordinary commercial purity have good resistance to corrosion, for 
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example copper, lead, zinc and more recently aluminium, which all find « 
use in building work because of their corrosion resistance. All are used as 
materials, and lead and copper have been found most successful in the tr 
of domestic waters. Their strengths, however, are poor and in mar 
their corrosion resistance can be improved by alloying. 

What follows deals largely with corrosion under wet conditions, 
essentially an electrochemical process. Metal atoms go into solution 
losing one or more electrons in the process at what is in fact the anod 
electrolytic cell. At the cathode various reactions are possible; the tw 
common are evolution of hydrogen and reduction of dissolved oxygen 
reactions involve the electrons which are liberated at the anodes and 
through the metal to the cathodes and then react with ions in solution 

Thus: H € > H 
followed by H H > H 

This reaction may become polarized if the overvoltage at the local cat 
is too high to permit evolution of hydrogen, and, in the absence of diss 
oxygen corrosion will then cease. If the solution is aerated, however, a s 
reaction can occur thus: 

H,O + O + 2e ~ 20H 

Whichever of these reactions occurs OH” ions accumulate in the vir 
of the cathodes. Secondary reactions between the anodic and cathodic prod 
may then occur. For instance when iron is immersed, ferrous ions fror 
local anodes meeting alkali from the cathodes form ferrous hydroxide 


is oxidized to ferric hydroxide, or rust. Because this rust is formed at a dist 


from the local anode the reaction is not stifled and corrosion proceeds. In hig! 


alkaline solution, however, there is such a high concentration of OH™ ions 
that hydroxides are formed in close contact with the metal surface, corrosi 
may then be stifled and the iron become passive. This illustrates the g: 
importance, in immersed corrosion, of the place of precipitation of the corros 
products. 

The distribution of local anodes and cathodes is also of great importanc 
When there are numerous srall local anodes and cathodes all over the metal 
surface, as in the attack of many metals by acid, general corrosion occurs. In 
such cases the cathodes may be points of low hydrogen overvoltage due to tl 
presence of small amounts of impurities in the metal (or small amounts of nobl: 
metal impurities in the solution which plate out to form local cathodes). Anodes 
and cathodes may be distributed in many other ways, however. One constituent 
of an alloy may be anodic to another—for example, the beta phase is anodi 
to the alpha phase in alpha-beta brasses—or the grain boundaries may be anodi 
(or cathodic) to the grain bodies. Such considerations determine the distribution 
of attack. One of the most serious situations arises when there are small local 
anodes in a large cathodic surface, for instance, small breaks in the millscal 
covering a steel surface. The intensity of corrosion may then be high, and rapid 
perforation by pitting may occur. Where the grain boundary is anodic attack 
is likely to take the serious form of intercrystalline penetration. 
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[he cathodic reaction often takes place at filmed or scaled surfaces, but it is 
necessary that the film or scale be an electronic conductor, for if electrons cannot 
be transmitted the cathodic reaction cannot proceed. 

If a clean surface of a pure metal such as copper is immersed in a solution 
ontaining unit activity of metal ions, a state of equilibrium is set up between 
netal dissolving from the electrode and metal plating back on to it, and the 
electrode assumes a potential characteristic of the metal, known as the standard 
electrode potential. This is measured by reference to a standard electrode such 
; the hydrogen electrode. The elements can be arranged in the order of their 
standard electrode potentials giving the so-called electrochemical series of the 
elements. The more negative the potential the greater the ease with which the 
metal dissolves to form ions. Table V shows this electrochemical series. 


TABLE V. THE ‘ELECTROCHEMICAL SERIES’ 


Normal 
Ton 


Metal : lectrode potential* 
: considered : rw 
(volts) 


(‘Noble’ End) 

Gold 

Platinum 

Silver 

Mercury 

Copper 

[Hydrogen 

Lead 

lin 

Nickel 

Cadmium ... 

Iron 

Chromium ; af 

Zinc ie = ba Zn" 
Aluminium ee ats Al**° 
litanium .. ae a fy 
Magnesium ea be Mg” 
Sodium... ? ; Na’ 
Potassium ... se ce Kk" 
Lithium ... sit ae Li 
(‘Base’ End) 

*p 


otential in salt solution of normal ionic activity relative to the Normal Hydrogen 
trode as arbitrary zero, at 25°C 


lhe noble metals at the positive end of this series are highly resistant to 


corrosion and the base metals at the negative end are readily attacked. As 
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Dr. Vernon pointed out in his lecture, this table shows the ele: 
approximately the same order as that in which they first became know: 
which is not surprising since the ease with which metals corrode is i 
proportional to the ease with which they are extracted from their ores. 

This table is of little practical use, since in practice metals are rarely 
in solutions of normal ionic activity. ‘The conditions of exposure ar¢ 
complicated and many factors affect the irreversible potential which t 


adopts. The measured potential of a metal specimen is some compromi 


between the potential of the local cathodes and that of the local anodes 
metal surface depending on the magnitude of the current flowing betwe 
Thus no predictions about corrosion rates can be made from standard « 
potentials. This will be apparent from Table V when metals lik 
aluminium and chromium, are considered. Although these metals ar¢ 
base end and have highly negative standard electrode potentials, it is w: 
that they are metals of high corrosion resistance in many environments. ‘| 
because they readily become covered with protective films which prot 
underlying metal from attack. 


High temperature oxidation 


I should like to digress a moment and consider the question of high t 
ture oxidation which well illustrates the role of the surface film. When a 
is heated in air the oxide scale initially formed on the surface thickens to a « 
point and beyond that the rate of attack can vary in different ways. Curves t 
weight increase with time are of clearly defined types such as rectilit 
parabolic, logarithmic or asymptotic. 

The type of curve is determined by the properties of the oxide film four 
the particular temperature under consideration. Thus if the film be« 
protective, oxidation gradually ceases and there is a thickness which is approa 
but never exceeded however prolonged the experiment; this is the ‘asympt 
curve. On the other hand if the film has no protective value oxidation continu 
at a steady rate giving a ‘rectilinear’ curve. More often the film becomes mor 
and more protective as it thickens so that growth continues at a decreasing r: 
giving ‘logarithmic’ or ‘parabolic’ curves. Detailed theories have been develo, 
to account for the shape of these and other curves, but it is not propos 
discuss these theories here. It is sufficient to emphasize two points. First, if t 
volume occupied by the oxidation product is less than the volume of met 
consumed in forming it the film is usually non-protective (e.g. Ca and Mg 
which give rectilinear curves). If however the corrosion product occupies 
greater volume than the metal consumed in forming it the film is usually 
or less protective (e.g. Al, Ni and Cr, all of which give parabolic curves 
second point is that the protective value of oxide films is related to 
electrical conductivities, the most protective oxides being those with the | 
conductivities. Some figures are (in ohm™ cm‘! at 1000 C) 

BeO 10°, Al,O, 1077, CaO 10°’, SiO, 10°, MgO 105, 
NiO 10%, Cr,O, 107%, CoO 1071, Cu,O 10%, FeO to 
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In the formulation of alloys resistant to oxidation it is not difficult on these 
considerations to guess that aluminium and beryllium should be particularly 
| additions. 
26 shows how successfully aluminium reduces the oxidation rate of iron- 
nium alloys at goo’C. Beryllium added to copper increases the oxidation 
resistance in a similar way. A Cu 2 per cent Be alloy oxidizes at 256°C. at one 
fourteenth of the rate for the pure metal. Clearly for maximum protection the 
est film will be one of protective oxide only, undistorted by atoms of basis 
metal. Thus impurities in aluminium increase the film thickness necessary before 
its further growth becomes really slow. 
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Ficure 26. Effect of additions of aluminium 
on the oxidation of tron. (U. R. Evans) 


\ method of ensuring that coherent layers of the protective oxide should be 
formed, even when the film-forming element is present in small concentrations 


in the alloy, was devised by Price and Thomas. This is known as ‘selective 


oxidation’. Various silver alloys were heated in hydrogen containing 0.1 mm. Hg 


partial pressure of water vapour for 5 minutes at 600°C. Under these conditions 


silver could not oxidize and the alloying element had sufficient time to diffuse to 
the surface and form a thin and compact film if capable of so doing. As had been 
xpected Be, Al and Si additions gave films providing excellent protection against 
oxidation in air or corrosion by sulphur-containing gases. Again, an aluminium 
bronze containing 5 per cent aluminium is much more resistant to oxidation 
than copper, but the oxidation resistance is further increased by preoxidation for 
15 minutes at 800°C. in hydrogen containing 1 mm. Hg partial pressure of water 
vapour, to form a layer of Al,O,. While the untreated aluminium bronze is 36 
times as resistant to oxidation as unalloyed copper, after selective oxidation the 


improvement is 200,000 times. 
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Protective films of corrosion product 


Returning now to the corrosion of metals under immersed 
formation of corrosion products over the face of the corroding met 
sufficiently complete and impermeable, effectively stifle corrosion in 
way that these films stifle oxidation. Often the film formed is cathod 
basis metal and pitting attack may occur at crevices or pores in the 
already mentioned the nature of the corrosion products and their 
formation, if they are insoluble, are among the factors determining wheth 
attack can continue in this way. Corrosion can be more severe under co1 
of rapid movement of corroding liquid over the metal surface owing to s 
away of corrosion products and bringing of ample supplies of oxyge: 
cathodic areas. On the other hand protective films sometimes form mor 
under these conditions. 

The most satisfactory cases of development of alloys capable of f 
protective films are those in which the films formed are capable of re-for 
damaged when the metal is exposed in service. To take one examp 
corrosion of condenser tubes in marine installations occurs when an 
quately protective film forms on the tube surface. For many years tubes 
made of brass containing 1 per cent of tin but as the water speed was inc: 
it was found that the surface films were not adequately protective and broke dowr 
locally under the action of the impinging stream of rapidly moving sea-water 
particularly when the sea-water contained air bubbles. The addition of 2 per cer 
of aluminium to brass, and the development of 70/30 cupro-nickel containing 
about 0.§ to 1 per cent of added iron, provided a remedy for this trouble as bot! 
these alloys proved capable of forming a protective film resistant to 


"1 


conditions. What is more important, if these films are damaged mechanically 
during service they will, under good conditions, re-form. This phrase ‘under 
good conditions’ is important. If the water is polluted, particularly by sulphu 
compounds, the protective film is less readily formed and corrosion is likely t 
occur. For this reason it is safest if condenser tubes first go into service in water 
which is free from serious contamination. In such sea-waters a protective film 
will form which is likely to be resistant on subsequent exposure in sulphur- 
contaminated waters in all but the most adverse conditions. 

There are many other cases in which addition of another constituent has 
considerably altered in this way the performance of an alloy. The case of stainless 
steels is an obvious one. The film which forms on a stainless steel containing 
18 per cent chromium and 8 per cent nickel is richer in chromium than the basis 


metal, and the familiar stainless steel knife is stainless because it has an invisibl: 


film containing oxidized chromium compounds on the surface—not thick 
enough to show but complete enough to be protective, both against atmospheric 
corrosion and, under many conditions, against immersed corrosion. 

It is important to realize, however, that in this particular case a supply o! 
oxygen is needed to keep the film in good repair and maintain stainless steel in 
the passive condition. Stainless steel can suffer rapid corrosion if used in contact 
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de-aerated solutions. Similarly severe localized corrosion can occur at areas 
lded from oxygen, for instance, in crevices or under deposits such as 
barnacles growing on the surface in sea-water. Not only must oxygen be available 

t it must be reasonably uniformly available to the whole surface. 

It is of interest to note that two of the cases described of addition elements 
which improved corrosion resistance in immersed conditions referred to 
aluminium (in brass) and chromium (in steel). These metals have good resistance 
to high temperature oxidation. Evans has pointed out certain similarities between 

igh temperature oxidation and wet corrosion and has given reasons why 
elements such as Al and Cr are beneficial alloying constituents in both 
circumstances. 


It does not follow, however, that an addition which produces good results is 


always a metal which in itself is corrosion-resistant. The second example from 


condenser tube practice makes this clear. The resistance of cupro-nickels to 
attack by moving sea-water is vastly bettered by the addition of iron. In the 
30 per cent nickel alloy 0.5 to 1 per cent of iron is near the optimum for resistance 
to impingement attack. It has been found that iron has a similar effect in lower 
nickel alloys : with 5 and ro per cent of nickel, 1.5 to 2 per cent iron is desirable, 
and the results are so good that 5 and 10 per cent nickel alloys are being increas- 
ingly used in this country and in America in place of copper for sea-water 
carrying pipes. Practice has completely outrun theory in this field and this 
addition was arrived at entirely by empirical methods. Just how iron plays its 
part in improving the stability and corrosion resistance of the film on cupro- 
nickels is not known, but that it does have such an effect is abundantly clear. 

Another type of attack which has been cured by purely empirical metallurgical 
means is that known as ‘dezincification’ of brasses. In sea-water, particularly if 
the temperature is slightly raised, large volumes of the metal are transformed 
from solid brass to porous copper—an attack which looks like the preferential 
solution of zinc; hence its name ‘dezincification’. More probably the mechanism 
is usually the solution of the brass followed by the re-deposition of copper on 
the surface from which it had been dissolved. This form of attack can be cured 
in the brasses of alpha structure by the addition of 0.02 to 0.06 per cent of arsenic 
(or similar amounts of antimony or phosphorus). By analogy with the effects of 
arsenic during the electro-refining of copper it is thought that arsenic may 
prevent dezincification by affecting the potential at which copper is deposited, 
but the precise mechanism is not clear. 


Pure metals 


Another and quite different approach to the selection of corr osion-resisting 
materials is to use metals of high purity. The successful use of commercially 
pure metals in building work has already been mentioned, but it can be stated 
that the corrosion resistance of aluminium, for example, is at a maximum when 
the metal is as pure as possible. The attack of 99.5 per cent aluminium by nitric 
acid, for instance, is fairly severe unless the acid concentration exceeds 92 per 
cent. If super-purity aluminium is used, containing 99.996 per cent Al, the 
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attack is considerably reduced and its employment in the nitric acid indu 
greatly increased. 

Again, the vigorous effervescence and corrosion when zinc is imm 
hydrochloric acid is familiar to all. This rapid attack only occurs, how 
the zinc contains small amounts of impurities which form local cathodes 
overvoltage from which hydrogen is evolved. If very pure metal cor 
99-99+ per cent zinc is used there is no visible attack. The hydrogen over 
for zinc is high and evolution at an appreciable rate is not possible. 

Very small amounts of impurities have an extremely marked effect 
corrosion resistance of magnesium and its alloys. The most damaging imp 
are iron, nickel and copper, the amounts of which determine the co: 
resistance in aqueous media. Magnesium containing the normal amou 
impurities corrodes in salt solution from 20 to 700 times as rapidly 
purity magnesium. Manganese additions tend to increase the toleranc¢ 
for iron and nickel, while aluminium additions greatly decrease them. 'T'} 
tolerance limit for iron in pure magnesium is about 0.017 per cent, whil 
only 0.0005 per cent in Mg 7 per cent Al alloy. If o.2 per cent Mn is pres 
the Al alloy the limit is raised to only 0.002 per cent. 


Stress corrosion 

Something must be said in this connection about intercrystalline attack 
stress corrosion. The danger of an anodic phase at the grain boundary 
mentioned earlier, but, whether a second constituent at the boundaries is ar 
or cathodic to the body of the grains, attack can be intensified at the junct 
This becomes particularly serious if the metal is at the same time under ter 
stress on the surface since this stress will tend to open the small cracks that f 
and allow continued intergranular penetration. The ‘season cracking’ of brass 
in ammoniacal atmospheres is a well-known case of such effects, but ther 
here no second phase promoting intercrystalline corrosion. Some workers cl 
to have shown the boundaries to be anodic to the grains in a pure 70/30 bi 
but the experiments are not wholly convincing and the mechanism not ¢ 
A more readily explained case occurs in the alloys of aluminium with from 4 t 
7 per cent or more of magnesium. These alloys form solid solutions at 
working temperatures but precipitate the beta phase in grain boundary fil! 


at lower temperatures. This phase is readily corroded and 


if stress is also preser 
failure can be rapid. The only remedy is to avoid this structural condition. |] 
addition of zinc delays the precipitation of beta but does not prevent it. 


All stress corrosion is not intercrystalline: in the case of magnesium eas 


corrodible paths run through the crystals and stress corrosion failures in 


case are transcrystalline. 


Protective coatings 

Although it is not proposed to discuss protective methods in general, a wo 
might be said about the use of metallic protective coatings. ‘The protection 
iron and steel by dipping in molten metals such as tin or zinc, by elect 
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siting metals, such as cadmium or nickel and chromium, or by spraying 
metals such as aluminium, is extremely well known. These metals are 
1 less readily attacked than steel, and in some cases the coating metal 
odic to steel. Tin is cathodic to steel and relies therefore on its own 
trinsic corrosion-resistance. Except under special circumstances it has no 
tective effect at discontinuities. Similarly with nickel, and it is the object 
the metallurgist to do everything possible to facilitate the formation of 


ally good non-porous coatings of such metals. The cases of zinc and cadmium 


are different, since these metals are anodic to steel, so that if the basis metal is 
exposed at discontinuities it will be protected electrolytically by sacrificial 
corrosion of the coating metal. The wide and successful use of galvanizing in 
both atmospheric and immersed conditions of exposure is too well known to 
need further emphasis. 

he use of metallic protective coatings is spreading considerably. It has been 
common practice in the aluminium industry for some time now to protect the 
high strength and more readily corrodible alloys by a layer of pure aluminium 
f high corrosion resistance. This layer is rolled or drawn on to the surface 
luring the manufacturing operation and there is clearly considerable scope for 
further development of bimetals of this type, that is to say a core of strong alloy 
which might suffer unduly from corrosion, protected by a thin film of similar 
material with a much higher corrosion resistance. The cladding is preferably 
chosen to be anodic to the core, so that if the coating is penetrated by corrosion 
attack then spreads laterally instead of continuing into the core. The principle 
of duplex materials is not confined to aluminium alloys. Thus nickel-clad steel 
sheet is available and a wide range of duplex tubes can be made. For instance, 
where ammoniacal gases are being cooled by sea-water tubes having steel on 
the gas side and aluminium brass on the water side can be used with great 


success. 


GENERAL CONCLUSIONS 
An attempt has been made in these three lectures to review broadly our 
present-day knowledge of the structure of alloys, and the relationship which 
the properties of the materials bear to their structure. The structure is essentially 
crystalline, and the basic arrangement of the atoms within the crystal usually 
takes one of four clearly established types within a cubic, hexagonal or tetragonal 
system. The particular structure adopted by any particular metal is characteristic 
of that metal, although a number of metals are capable of a reversible change in 
crystal structure with temperature, that is, they exist in different allotropic forms. 
he properties of alloys depend partly on the basic properties of the crystal 
of the parent metal and partly on the solubility of atoms of a second element in 
that crystal, on the tendency to form compounds and on the changes with 
temperature which may occur in solubility or in compound formation. 
The structure formed when one metal is dissolved in another depends largely 
on the properties of the atoms of the solute and solvent metals respectively. 
he outer valency electrons, for example, are not only the determining feature 
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in the conduction of electricity through metals, but influence the ease wit 
one metal dissolves in, or combines with, another. It is possible 
the structures which exist under equilibrium conditions at different tem; 
and compositions, but the majority of industrial alloys owe their 
properties to the properties of non-equilibrium transitional structut 
do not appear in any phase diagram, and which can in some cases not 
defined with any great precision. 


{ 


The ability of alloys such as steel to hold at room temperatures a st 
conferred upon them by some high temperature treatment followed 
cooling, in spite of the fact that that structure is essentially unstab| 

in the development of the variety of properties we have come to expect 
plain carbon and alloy steels. By changing the composition the rate of 

of structure with change in temperature is altered, and advantage can | 

of this to counteract the effects which, for example, increasing the mass of 
article might have on its response to heat treatment. 

It is a far cry from this to the position where we can synthesize an all: 
what we know about the structure of the atom and the crystalline habit 
constituent elements. We are, however, beginning to understand what 
features of the structure of the atom and the crystal govern the properties 
alloy; how the production of sound castings depends upon the 
crystallization from the liquid metal; how the solid crystal can be det 
and what steps we can take to increase the resistance of that crysta 
deformation. It cannot be emphasized too strongly, however, that our | 


mental knowledge of the properties and behaviour of metal crystals lies 
behind our practical knowledge of the properties encountered in a parti 
metal or alloy used in engineering construction. 


In the field of oxidation and corrosion resistance it is not so much the pr 
perties of the basis metal that matter as those of the film of oxidation and corrosior 
product which form on its surface on exposure, for it is on the properties of this 
film that corrosion resistance depends and not on the intrinsic insolubility 
the basis material (except of course in the precious metals). 

A little thought will bring home the extent to which ‘civilization’ has depended 
and will still depend, on the development of metals and alloys. Improving t! 
efficiency of engineering structures of all types constantly calls for metals wit! 
properties in some respects superior to those hitherto known. What I have said 
will, I hope, give some general picture of how much a metallurgist understands 
the basic factors governing the behaviour of metals and alloys, and how 
uses this knowledge in endeavouring to develop better materials. I can 
apologize, with so large a field to cover, for the oversimplification necessary t 
bring any general picture into focus. 





MARCH 1954 OBITUARY 
OBITUARY 
WALTER CHARLES HANCOCK 


We record with regret the death, on the 24th February, of Walter Charles Hancock, 
e age of 82. 
Mr. Hancock devoted much of his life to the study of ceramics, and for thirty 
rs lectured on this subject to the Imperial College of Science and Technology. 
He was a very active member of the Society, of which his father and grandfather 
f Gutta Percha fame) had been members before him, and until very recently he 
juently attended its meetings and took part in discussions. For a paper which 
he read in 1913 on “The Physical Properties of Clays’ he was awarded the Society’s 
silver medal. He was elected a Fellow of the Society in 1917. 


CORRESPONDENCE 


HER MAJESTY THE QUEEN IN AUSTRALIA 


It is thought that the following extract from a letter received by the Secretary from 
the Society's Corresponding Member in New South Wales will be of interest to Fellows at 
the present time. 


From MR. A. S. LINDSAY, J.P., 96 CATHARINE STREET, LEICHHARDT, NEW )UTH WALE 


Mrs. Lindsay and I were guests at the Garden Party at Government 
House, Sydney, on the 18th February to afford citizens the honour of meeting 
Her Majesty Queen Elizabeth the Second and His Royal Highness The Duke of 
Edinburgh. 

There were 8,000 guests on this auspicious occasion and the day turned out to be 
one of brilliant sunshine (96-8 in the shade by-the-way). Government House gardens 
were resplendent with an abundance of flowers, and the lawns, after the recent 
rains, were a vivid green with the more sombre greens of shrubs and trees acting 
as a natural foil to the other colours. There was a slight breeze to help temper the 
sun’s rays and during the afternoon the band from the S.S. Gothic and the N.S.W 
Police Pipers’ Band played at intervals. Refreshments were served in long marquees 
erected on one of the spacious lawns. 

Mrs. Lindsay and I had the signal honour of being presented to Her Majesty 
the Queen and having a brief conversation with her. As far as we were concerned 
this was the culminating event and one of which we shall always have vivid memories 
\s your representative in Australia I felt, and still feel, that the honour is shared by 
the Society itself and this feeling gives me very keen pleasure I can assure you. 


FROM THE F¥OURNAL OF 1854 


VOLUME Il. 37d March, 1854 
THE ORGANIZATION OF THE CIVIL SERVICE 


From a summary of a report recently presented to Parliament by Sir Stafford Northcote 
and Sir C. E. Trevelyan. 
The report commences by calling attention to the importance of the permanent 
Civil Service, and its generally acknowledged merits, admitting its defects, and that 
it offers little attraction to the ambitious. 
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The comparative lightness of the work, and the certainty of provisio1 
of retirement owing to bodily incapacity, furnish strong inducements to tl 
and friends of sickly youths to endeavour to obtain for them employmer 
service of the Government; and the extent to which the public are « 
burdened, first with the salaries of officers who are obliged to absent tl 
from their duties on account of ill health, and afterwards with their pensi 
they retire on the same plea, would hardly be credited by those who have 
opportunities of observing the operation of the system. The result naturall 
the public service suffers both in internal efficiency and in public estimatior 

There are, however, numerous honourable exceptions to these observatior 
the trustworthiness of the entire body is unimpeached 


Some Activities of Other Societies and Organizations 


MEETINGS 


mon. 8 MAR. Electrical Engineers, Institution of, Savoy 
Place, W.C.2. 5.30 p.m. How can Electrical Method 
enhance Industrial Productivity ? Discussion 
Geographical Society, Royal, S.W.7 5.30 
dlaskan Ice Fields Films.) 
Imperial Institute, South Kensington, S.W.7. 5.45 p.t 
C. W. Dawson: Off the Beaten Track With 
Dyaks of Borneo 
nsport, Institute of, at Jarvis Hall, 66 Portlan 
Place, W.1. 5.45 p.m. L. H. K. Neil: Continer 
Traffic—A Look Forward 
) mar. Civil Engineers, Institution of, Gr 
seorge Street, S.W.1. 5.30 p.m. N. N. B. Ord 
and I. S. S. Greeves: Design and Construction 
a Prestressed Concrete Framed Transit Shed for th 
Port of London Authority 
Illuminating Engineering Society, at the Lightir 
Service Bureau, 2 Savoy Hill, W.C.2. 6 p.m. J. B 
Collins and R. G. Hopkinson : Flicker in Relation 
» Interior Lighting 
International Affairs, Royal Institute of, Chathar 
House, 10 St. James’s Square, S.W.1. 1.30 p.1 
Edgar McInnis: Canada, Britain and the United 
States : a Canadian V iew 
Japan Society of London, at the Victoria & Albert 
Museum, South Kensington, S.W.7. 5.30 p.m 
Miss Carmen Blacker : Life at a Japanese Universit 
Manchester Geographical Society, 16 St Mary's 
Parsonage, Manchester, 3. 6.30 p.m. Osmund 
Hood : Jugoslavia. 
Mechanical Engineers, Institution of, Storey’s Gate, 
S.W.1. 5.30 p.m. Max Troesch: Automobiles on 
Aipine Passes 


10 mar. British Kinematograph Society, at G.B 
Theatre, Wardour Street, W.1. 7.15 p.m. F. H 
Brittain : The Problems of Sound Reproduction 

Chemical Engineers, Institution of, at the University 
of Birmingham, Edmund Street. 6.30 p.m. A. H 
roodge r Design of Pressure Vessels and th 
Mechanism of Fatlure in Service 

Electrical Engineers, Institution of, Savoy Place 
W.C.2. 5.30 p.m. E. A. O'Donnell Roberts : A Stud 

f some of the Properties of Matter affecting Val 

Reliability 
Folk-Lore Society, at University College, Gower 
Street, W.C.1 30 p.m. Dr. Margaret Murray 
England as a Field for Folk-lore Research 
*etroleum, Institute of, at Manson House, 26 Portland 
Place, W.1. 5.30 p.m. A. Cameron : Surface Failur 
nm (rears 
Victoria & Albert Museum, South Kensington, S.W.7 
6.15 p.m. B. W. Robinson : Japanese Colour Print 
rHuRs. 11 mar. Analytical Chemistry, Society for, at 
the George Hotel, George Street, Edinburgh, 2 
7.15 p.m. H. A. Willis: Applications of Infra-red 
S pectroscop 
Electrical Engineers, Institution of, Savoy Place 
W.C.2. 5.30 p.m. C. W. Miller: An 8-MeV Linear 
iccelerator for X-Ray Therapy 
Sanitary Engineers, Institution of, at Caxton Hall, 
S.W.1. 6 p.m. P. L. Critchell: Joints in Water- 
Retaining Structures. 


13 mar. Horniman Museum, Forest Hill, S.E.23 
3.30 p.m. Dr. Jaap Kunst : Dutch Folk Dances 
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